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Abstract

This project develops a range of heterogeneous hydroformylation catalysts by
immobilisation of discrete rhodium complexes onto a silica support via a bidentate

phosphine or phosphine sulfide ligand bearing a pendant silica-tethering functionality.

Bidentate phosphine ligands capable of silica binding were prepared with various silica-
tethering groups (alkoxysilane, silatrane and cyclic azasilane). A range of ligands with
different phosphine steric and electronic properties were synthesised to enable
investigation into the effect of ligand structure on immobilised hydroformylation

catalysis.

The synthesis of homogeneous hydroformylation catalyst precursors was achieved by
reaction of the aforementioned diphosphine ligands with [Rh(COD)2]BF4, resulting in a
[Rh(P~P);]BF4 or [Rh(LAL)(COD)]BF4 complex (PAP = bidentate phosphine ligand, LAL =

bidentate ligand), depending on the ligand used.

Immobilisation of the prepared rhodium complexes [Rh(P~P),]BF4 or [Rh(LAL)(COD)]BF4
was achieved by their reaction with AEROPERL 300/30 silica (calcined at 200 °C), and
confirmed by solid-state 3P and 2°Si NMR spectroscopic and ICP-OES elemental
analyses. However, reaction of the parent phosphines with silica results in significant
side reactions between the phosphine moieties and silica surface, leading to the

formation of unidentified PV species.

The prepared homogeneous and heterogeneous pre-catalysts were investigated for the
hydroformylation of 1-octene (conditions: 90 °C, 20 bar (1:1 H;:CO), [1-octene]/[Rh] =
1000, toluene solvent). Silica-immobilised [Rh((Ph2PCH2)2N(CH3)3Si(OCH2CH3)3N)2]BF4
was found to provide the best catalyst performance of the heterogenous catalysts
investigated, giving a TOF of 682 * 48 h! and an aldehyde /:b ratio of 2.6, catalytic
performance exactly mirroring that of its soluble analogue in solution. Leaching studies
of silica-immobilised [Rh((Ph2PCH2)2N(CH2)3Si(OCH2CH2)3N).]BF4 found a 1.4% loss of
rhodium from the catalyst after a one hour hydroformylation experiment. However,
recycling studies showed no loss in activity after one recycle, followed by a subsequent

large decrease in catalytic activity down to 25% of initial activity after five runs.
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Chapter 1: Introduction



1.0 literature review

This literature review presents a short introduction to aspects of hydroformylation
chemistry relevant to the work presented in the following chapters of this thesis. Of
particular focus are the development and challenges faced in industrial
hydroformylation processes. Additionally, the approaches used to immobilise
homogeneous catalysts onto solid oxide supports, alongside their application in
immobilised hydroformylation catalysis will be discussed. This literature review was

performed up to February 2024.

1.1 Introduction to hydroformylation

Hydroformylation, also known as the Oxo process, has become one of the largest and
most important homogeneously-catalysed processes since its discovery by Otto Roelen
in 1938.1 In the reaction, an alkene is combined with CO and hydrogen (synthesis gas)

to produce an aldehyde, extending the carbon chain by one atom (Scheme 1.1).

H (0]
(0]
CO/HZ +

n- or linear (I) iso- or branched (b)
aldehyde aldehyde

Scheme 1.1. General hydroformylation reaction.

The industrial importance of the hydroformylation reaction primarily derives from the
value of the aldehyde products as intermediates for the manufacture of a wide variety
of commercially important chemicals.?? Indeed, hydroformylation is used to produce
over 10 million metric tonnes of so-called oxo chemicals per year worldwide.* These
chemicals find application in a range of roles such as solvents, detergent alcohols,
plasticisers and surfactants via various subsequent chemical processes (Figure 1.1).
Typically, linear aldehydes are desired for these commercial applications although there
is also demand for branched aldehydes, such as isobutanal. One industrially attractive

benefit of hydroformylation is its theoretical 100% atom economy that, combined with



the use of a metal complex catalyst, makes the reaction attractive from a sustainable,

green chemistry point of view.>®

Hydrogenation Oxidation . .
Alcohols = Aldehydes » Carboxylic acids
Esterification
Reductive
o Aldolisation Y
amination Esters
Amines Unsaturated long-chain

branched aldehydes

. *. Hydrogenation
L+ selective ! ..
" hydrogenation ' ‘\
Elimination
branched unsaturated branched saturated branched saturated X
X A T emmm » (+Cy)-Olefins
long chain alcohols long chain aldehydes long chain alcohols

Figure 1.1. Products derived from aldehydes produced by hydroformylation. Modified

from Franke et al.*

1.2 Mechanism and kinetics of first generation hydroformylation catalysis

The active catalytic species used by Otto Roelen in hydroformylation was determined to
be the hydride-containing cobalt carbonyl species HCo(CO)s, generated from Co2(CO)s
under a pressure of hydrogen, via a HCo(CO)4 resting state (Scheme 1.2).7719 Much work
has gone into determining the kinetics and rate determining step for the
hydroformylation reaction, which are highly variable depending on the conditions
used.11713 Under most conditions, the derived kinetics of the reaction show that rate is
proportional to the concentration of alkene substrate, cobalt catalyst and H;
concentration, but inversely proportional to CO concertation (Equation 1.1).%° This rate
equation corresponds to coordination of the alkene substrate to the metal as the rate
determining step. The inverse proportionality with respect to CO concentration is
explained as CO dissociation from the complex is required to produce a vacant

coordination site for alkene complexation.
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Scheme 1.2. Catalytic cycle for the HCo(CO)s-catalysed hydroformylation of propene to

give the linear aldehyde, excluding side reactions.®

d(aldehyde)  k[alkene][Co][H,]
a [CO]

Equation 1.1. General rate equation for the cobalt-catalysed hydroformylation of

alkenes. 11

Although alkene coordination to the metal centre is the most commonly identified rate
determining step in hydroformylation, other steps, such as the oxidative addition of Hy,
have been observed to be rate determining under differing reaction conditions.'* Such
conditions can occur when under sufficiently low pressures of CO and Hj, which results
in facile alkene complexation alongside slow oxidative addition of H.. Indeed, the

hydroformylation reaction conditions (temperature and pressure), catalyst precursor,



alkene substrate and the ratio of metal to substrate can all affect the exact species

present in the reaction and the rate determining step.

Hydroformylation using HCo(CO)4 is usually performed using high pressures of syngas of
at least 200 bar of H, and CO, conditions used to maximise catalyst stability.* A minimum
CO partial pressure is needed to balance the high reaction temperatures required to
ensure a viable reaction rate (typically 110 - 180 °C), against the thermal instability of
HCo(CO)s, which decomposes to metallic cobalt if the CO partial pressure is too low.
Despite the suppressive effect of CO on reaction kinetics, higher CO partial pressures
have the additional advantage of decreasing the amount of alkene isomerisation side

reactions, while increasing the aldehyde linear to branched product ratio.

1.3 Competing hydroformylation reactions and side products

Understanding of the hydroformylation reaction becomes significantly more
complicated when the regiochemistry of the reaction is considered, since hydride
transfer to the double bond during catalysis can occur at either carbon, giving rise to the
possibility of branched isomers being produced (Scheme 1.3).> In addition,
isomerisation of the substrate double bond, which can also be transition metal-
catalysed, can further complicate the reaction and lead to the formation of other
branched species. Together, these competing reactions result in a typical selectivity for
the linear aldehyde of around 66% for HCo(CO)s catalyst systems.* The high syngas
pressures employed during the reaction can help to further suppress side reactions,
resulting in /:b ratios of up to 3:1 being achieved using HCo(CO)s-based systems.? Indeed,
it is often assumed that competition between isomerisation and hydroformylation is

primarily a function of CO partial pressure (especially for cobalt-based systems).
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Scheme 1.3. Metal-catalysed isomerisation of alkenes, showing possible
hydroformylation intermediates that can be formed to give linear or branched

isomers.t>

Since internal alkenes are more thermodynamically stable than the terminal alkenes,
good kinetic control is required during hydroformylation to produce a linear aldehyde,
as this requires reaction of the terminal alkene.® During hydroformylation, CO
migratory insertion has been shown to be faster for terminal alkenes than internal
alkenes, due to predominantly steric effects.'® When combined with very fast double
bond isomerisation, the linear aldehyde is found to be the favoured product (Scheme
1.4). However, as described above, the exact ratio of products is very dependent on the
reaction conditions and therefore producing a system that gives the best possible
control over selectivity is one of the greatest ongoing challenges in hydroformylation

chemistry.1®
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Scheme 1.4. Possible aldehyde products from hydroformylation when considering

alkene isomerisation and hydride insertion at either C=C carbon.

Alkene branching has a large effect on isomerisation and hydroformylation when non-
linear alkene substrates are employed. In a study of various methylheptenes, Haymore
found that there was very little hydroformylation at the carbon center with the branch,
even if it was part of the double bond.'” Additionally, it was observed that isomerisation

past the branching carbon is not a dominant reaction.

Yet a further complication in olefin hydroformylation using HCo(CO)4 catalyst systems is
commonly observed aldehyde hydrogenation to alcohols, typically 5-12%.® However,
aldehyde hydrogenation is not always considered to be a negative side reaction, since
depending on the target market, the aldehyde products are often hydrogenated to
alcohols in a later reaction step. Aldehyde hydrogenation, however, consumes
additional H,, so H»/CO ratios greater than 1:1 are used (1-1.5:1 are common).'® Other
possible side products observed during HCo(CO)s-catalysed hydroformylation are
alkanes resulting from alkene hydrogenation, but their formation is usually quite low

(~1%), particularly under higher CO partial pressures.®

1.4 Second generation phosphine-modified hydroformylation catalysts

In order to improve the selectivity for linear aldehydes, Slaugh and Mullineaux from the
Shell Development Company developed an alternative catalytic system using Co2(CO)s /
PBus as a catalyst precursor. This gives what is now known to be the catalytically active
trans-CoH(CO)3(PRs) species under reaction conditions.?%2! By replacing labile CO with

phosphine ligands, a more stable catalyst is produced, enabling lower reaction pressures



by circumventing the issues of HCo(CO)s/s stability. Indeed, the incorporation of a
phosphine ligand enables a dramatic reduction in the CO partial pressures required to
stabilise the catalyst and prevent formation of cobalt metal. Instead of 200-300 bar of
H2/CO pressure needed for HCo(CO)s4, the monophosphine-substituted HCo(CO)s(PR3)
requires 50-100 bar of pressure, and can be run at higher temperatures without any
decomposition of catalyst to cobalt metal. An obvious additional benefit of phosphine-
modified systems comes from the steric constraints imposed by the incorporation of a
bulkier phosphine ligand compared to CO, with the additional steric bulk favouring
formation of linear products. While linear to branched ratios of only 2-3:1 are found
typically for HCo(CO)s, higher regioselectivities of 7-8:1 can be achieved with
HCo(CO)3(PRs).2! Despite it being possible to incorporate additional steric bulk (greater
cone angle) through choice of different phosphines, it has been demonstrated that there
is a phosphine cone angle cutoff at about 132°, above which increasing the phosphine

ligand's steric demands do not increase further the product linear regioselectivity.??

Despite the apparent benefits achieved through addition of phosphine ligands, several
downsides are also encountered compared with the un-modified catalyst systems.*
Firstly, a vastly reduced rate is observed (typically 5-10 times slower than with
HCo(CO)s). By replacing the strongly m back-bonding CO ligands with o-electron
donating, very poorly m-accepting phosphines, the cobalt complex is made much more
electron rich. This increases the interaction between the remaining CO ligands and the
cobalt, disfavoring CO ligand dissociation required for alkene substrate binding. To
combat this, higher reaction temperatures of 120-190 °C are used to maintain an
acceptable rate of the HCo(CO)3(PRs3) systems.?! Another consequence of the more
electron-rich metal center resulting from phosphine coordination is that the Co-H bond
is more hydridic in character. This results in the catalyst being highly active for
hydrogenation, which has a large effect on the composition of the resulting organic
products, as the aldehydes produced are reduced to alcohols in situ. The increased
hydridic character of the Co-H bond also contributes to the enhanced I/b selectivity, as
the more hydridic H is even more favoured to react with the most electrophilic carbon
of the bound alkene substrate, increasing selectivity for the linear product.???3 The

better hydrogenation ability, however, also results in increased alkene hydrogenation



side-reactions producing alkanes, that can range from 10-20% of the product
distribution (depending on the phosphine and reaction conditions). Combined
hydroformylation/hydrogenation processes can be advantageous and are used
industrially to produce alcohols directly in one step. As a result of the occurrence of
aldehyde hydrogenation, more Hz is consumed, so H2/CO ratios of 2:1 (or slightly higher)

are typically used.?!

1.5 Third generation rhodium hydroformylation catalysts

As a result of the problems encountered with cobalt hydroformylation catalysts,
attention turned to investigating other transition metals for activity in hydroformylation
catalysis.?* The result of these investigations using unmodified metal carbonyl catalysts
showed that rhodium has the highest activity and selectivity for aldehyde formation,
followed by cobalt, with a large drop in performance for all other metals tested (Figure
1.2). However, more recently, modification of the metal catalyst, e.g., by addition of
phosphine ligands, has been shown to provide significant enhancement in catalyst
performance for some of the traditionally poor performing metals, especially Pd, which

will be discussed in chapter 3.3.
Rh > Co > Ir, Ru>Os > Pt >Pd > Fe > Ni
Figure 1.2. Trend of hydroformylation catalytic activity for some transition metals.

Due to the high catalytic performance of rhodium in hydroformylation, development of
so-called “second generation hydroformylation processes” has taken place, using firstly
unmodified rhodium catalysts, followed by phosphine ligand modified catalysts.?>=? The
high activity and selectivity of rhodium has enabled industrial processes to be developed
using significantly lower reaction temperatures and pressures. Additionally, the greater
stability of the rhodium complexes used also allows distillation of the product without
the costly separation steps required for cobalt (See section 1.12). The significant
developments associated around rhodium-based hydroformylation led to 80% of the
world’s hydroformylation processes exploiting rhodium catalysts by 1995.28 However,

cobalt catalysts are still often used for the hydroformylation of long chain alkenes



derived from the Shell Higher Olefin Process (SHOP) or Fischer-Tropsch synthesis, as
they are better suited to the conversion of the mixtures of linear and branched alkenes

present in these feedstocks.*

The mechanism of rhodium-catalysed hydroformylation has been shown to be similar to
that of the cobalt-catalysed process. The rhodium catalyst is most selective for the linear
aldehyde when coordinated by two phosphine ligands.?° The catalytic cycle starts from
a trigonal bipyramidal HRh(CO)2(PPhs)2 species, analogous to HCo(CO)s, that loses a CO

ligand, enabling alkene substrate coordination (Scheme 1.5).2°
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Scheme 1.5. Rhodium-catalysed hydroformylation catalytic cycle.®?°

The first rhodium-based hydroformylation catalyst system was derived from Wilkinson's
catalyst, RhCI(PPhs)s, but it was rapidly discovered that halides were inhibitors for
hydroformylation.3%3! Thus, it is therefore often preferable to employ halide-free
rhodium starting complexes; for example, HRh(CO)(PPhs)s and Rh(acac)(CO): (acac =
acetyl acetonate) are two commonly used starting materials. Pruett (Union Carbide) and
Booth (Union Qil) both separately demonstrated that use of a catalyst system based on
HRh(CO)(PPhs),, allowed commercialisation of the hydroformylation technology for
propylene conversion to butyraldehyde (Table 1.1).32 They found that the use of

rhodium with excess phosphine ligand created an active, selective, and stable catalyst



system, which could operate at just 5-7 bar syngas pressure and 90 °C. Union Carbide,
in conjunction with Davy Powergas and Johnson Matthey, subsequently developed the
first commercial hydroformylation process using rhodium and excess PPhs in the early
1970s.3° The need for excess phosphine arises as a consequence of the facile Rh-PPh3
dissociation equilibrium (Scheme 1.6). Loss of PPhs from HRh(CO)(PPhs); generates
considerably more active, but less regioselective hydroformylation catalysts.3° The
addition of excess phosphine ligand shifts the phosphine dissociation equilibrium
towards the more selective HRh(CO)(PPhs)2 species. This explains why higher CO partial
pressures lower the product regioselectivity, in marked contrast to what is observed for

HCo(CO)s-catalysed hydroformylation.

Table 1.1. Summary — Comparison of Industrial Hydroformylation Processes.*?%3:30:32

Co Rh
Unmodified Modified Unmodified Modified
Active
. HCo(CO)4 HCo(CO)sL HRh(CO)a HRh(CO)L3 HRh(CO)L3
species
T/°C 150-180 160-200 100-140 60-120 110-130
P/ bar 200-300 50-150 200-300 10-50 40-60
Cat:
. 0.1-1 0.5-0.8 0.0001-0.01 0.01-0.1 0.001-1
olefin (%)

Products Aldehydes Alcohols Aldehydes Aldehydes Aldehydes

By- . .
products High High Low Low Low
Ty;’/'fa' 60:40 85:15 50:50 92:8 95:5
Sensitivity
to low low low high low
posions
Operator BASF/ Shell Ruhrchemie Union Rhone-
P Ruhrchemie Carbide Poulenc
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Scheme 1.6. Equilibria associated with rhodium-PPhs hydroformylation catalysts.?°30

Remarkably, the rate determining step in Rh/PPhs-catalysed hydroformylation remains
poorly understood even today. It was assumed initially, by analogy with the HCo(CO)4
catalyst system, that oxidative addition of H; to the Rh'-acyl species (Scheme 1.5) would
be rate-determining due to the low syngas pressures employed. However, Kastrup and
coworkers concluded from 3P NMR spectroscopic studies that the rate determining step
could be the initial coordination of alkene to the HRh(CO)(PPhs); catalyst species.?3 In a
similar fashion, Moser and colleagues proposed that the rate determining step is CO
dissociation from HRh(CO)2(PPhs3), to once again generate the 16e~ species
HRh(CO)(PPhs), required for alkene coordination (Scheme 1.5).3* Indeed, more recent
combined experimental and computational approaches have suggested that the kinetics
of rhodium-catalysed hydroformylation are more complicated than expected, as a single
rate determining steps does not control the overall reaction rate, as would be predicted
from classical kinetics.3>3 Instead several similar-energy transition states contribute to

the overall energy barrier and reaction rate.

The high product regioselectivity achieved using HRh(CO)(PPhs)z is strongly related to
the concentration of PPhs in solution (up to a certain point) and the H,/CO ratio used.3°
Commercial hydroformylation reactions are run using solutions that have PPh;
concentrations of 0.3 M or higher (typical Rh concentration around 1 mM). This
corresponds to PPhs; weight percentages of 8-50% of the total solution in commercial
reactors (Table 1.1). Lower CO partial pressures would also be expected to favour higher
regioselectivities, and this is indeed the case. Rh/PPhs reactions are often run with an
excess of hydrogen (1.2:1 H;:CO ratios are common). However, if the hydrogen partial
pressure is too high, or the CO partial pressure too low, this increases the alkene

hydrogenation and isomerisation side reactions to an unacceptable level.3° The other
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principle, important reason for adding excess phosphine ligand is to minimize ligand
fragmentation reactions that lead to catalyst deactivation. At the typical operating
conditions for hydroformylation, especially the higher temperatures employed with
cobalt systems, arylphosphines can undergo P—C bond cleavage (a process that is rapid
at 2190 °C) generating arenes and a variety of metal phosphide-type complexes.3’=° For
example, highly unsaturated and electrophilic species such as HRh(CO)(PPhs) present in
the reaction can attack the PPhs ligand (either through an intra- or inter-molecular
pathway), resulting in oxidative addition of the P-Ph bond to an unsaturated Rh center.
This leads to the formation of either alkyldiphenyl phosphines or, in the worst case,

phosphide-bridged dimers, which are inactive for hydroformylation (Scheme 1.7).37-3°

Ph, ,Ph
|Ph3 "Rh" .’
\
OC—Rh—H —=—> LR, RhL,
Ph PR ph

L, = other ligands such as PPh;, alkene, CO, H

Scheme 1.7. PPhs degradation under hydroformylation reaction conditions leading to

formation of rhodium phosphide-bridged dimers species.32

In order to further improve the efficiency of the hydroformylation reaction, many
detailed investigations into the effect of different phosphine ligands on catalysis have
been performed.**** A comprehensive understanding of the behaviour and reactivity of
phosphines is required to accomplish this, so that catalysts can be designed to maximise
activity and selectivity. Therefore, a brief overview of phosphine coordination to metals

will be presented in Section 1.6.

1.6 Phosphine ligand-metal coordination: steric and electronic effects

1.6.1 Determining the electronic contribution of phosphines in metal complexes

The electronic bonding contribution of phosphines to metals consists of o-bond lone
pair donation from the phosphine to metal and n-back bonding from filled metal orbitals

to phosphine P-R ¢” orbitals (Figure 1.3).> Note, the extent of metal-to-phosphorus
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retrodonation is extremely dependent on the nature of the substituents at phosphorus,
with alkyl phosphines generally regarded as having little/no m-acceptor character, while
amido- and alkoxide-substituted derivatives are more complicated because of
competing n-donation from the OR and NR, motifs, despite these substituents lowering
the energy of the o* MO acceptor orbitals. To facilitate comparisons, Tolman defined an
electronic parameter, v, which categorises the overall electronic contribution of
phosphines to metal complexes by examining the carbonyl stretching frequencies of

sterically unhindered [Ni(CO)s(PR3)] complexes.*®

Q‘_:é@

Ry HOMO R, doubly degenerate
LUMO

Figure 1.3. 0-Bonding and nt-back bonding orbital interactions of a metal-phosphine

bond.*>

The general trend in the change of v as a function of R, outlined in Table 1.2, shows that
as the phosphine R group becomes more electronegative, the value of v increases, e.g.,
P(CHs)s < P(OCHs)s3 < PF3. More electron donating R groups increase electron density on
the phosphorus, enabling greater sigma donation from P to Ni.*’ The resulting more
electron rich metal centre increases back-bonding into CO 1t orbitals, weakening the CO
bonds and reducing v. Electron withdrawing phosphines have weaker sigma donation
from P to Ni and therefore less electron density on the metal that can be donated into
CO " orbitals, resulting in a larger value of v. In the context of hydroformylation a larger
value of v results in a weaker M-CO bond that enables faster CO ligand dissociation,

resulting in higher rates of catalysis.
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Table 1.2. Examples of phosphine electronic parameters for the [Ni(CO)s(PR3)] A1

band.*®
Phosphine v/cm™? Phosphine v/cm™
PFs3 2111 PPh.NMe; 2067
P(OMe)s 2080 P(NMe2)s 2062
PPhs 2069 P'Bus 2056

Several other methods used to probe the electronic character of phosphines have been
developed, such as through analysis of |YJsep| coupling constants values obtained by 3'P
NMR spectroscopic analysis of the corresponding phosphine selenides, R3PSe.*® A large
|Ysep| corresponds with a low basicity phosphine, which thus equates to the ligand
being a poor o donor.*® Typically, electron withdrawing groups bound to the phosphorus
result in larger | YJsep |, suggesting that they are poorer o donors. 3P NMR spectroscopic
analysis can also be used to probe the bonding of phosphines to metals more directly by
analysis of |YJppt| coupling constants of platinum(ll) or platinum(0) complexes, for
example.®® For platinum(ll) complexes, |YJppt| was shown to linearly decrease as more
electron-withdrawing phosphine substituents were used (characterised by their
Hammett substituent constant, a well-known metric for assessing a substituent’s
electronic effect in organic chemistry).”%>! Conversely, for platinum(0) complexes the

opposite trend was observed.

1.6.2 Quantifying the steric demand of phosphines in metal complexes

Steric effects of ligands can also play a large role in the chemistry at the metal centre to
which they are bound, including influencing the structure and spectroscopic properties
of the complex formed.*® Therefore a quantitative method to describe phosphine steric
demands, the Tolman cone angle, 8, was devised. The defined cone comprises all of the
space that a phosphine bonded at a fixed phosphorus—metal bond length of 2.28 A

would fill as it is rotated around the phosphorus—metal axis (Figure 1.4).
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Figure 1.4. Defining a phosphine cone angle; circles representing van der Waals radii of
the substituents.*®

Known values of phosphine cone angles start from 87° for PH3 and can exceed 200° for
bulky phosphines such as P(mesityl)s, with a value of 212°. Triphenylphosphine has a
cone angle of 145°, in between these extremes, contributing to a ligand that can perform
well in a range of metal complex-catalysed reactions, including hydroformylation.* For
bidentate and asymmetric ligands the Tolman cone angle becomes less useful, which
has resulted in the development of several other methods for assessing ligand steric

bulk such as the “Percent Buried Volume” (%Vpyr) approach (see Section 3.2.2).>2

1.7 The effect of phosphine ligand structure on hydroformylation catalysis

For rhodium-catalysed hydroformylation, experiments have shown that of all the
group 15 elements, potential ligands based on phosphines were most successful, as they

gave rise to catalysts with the greatest activity and selectivity (Figure 1.5).53-5>
PhyP >>Ph;N > Ph;As, PhySb > Ph,Bi

Figure 1.5. Trend in rhodium-catalysed hydroformylation activity using different group
15 ligands.>3—°

Many possible phosphines can be used as ligands in hydroformylation catalysis. The
catalytic results obtained when using each different phosphine will be a result of their

unigue combination of steric and electronic effects. For example, increasing the steric
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bulk of the phosphine has been shown to favour production of the linear aldehydes,
although bulky ligands can also result in the reversible formation of binuclear rhodium
complexes that are catalytically inactive (Scheme 1.8).°® Meanwhile, more basic
phosphines generally provide greater selectivity for the linear isomer, but a decreased
reaction rate is observed due to the suppression of CO dissociation associated with a
more electron rich metal centre (see Section 1.4). In order to maximise the activity and
selectivity of the hydroformylation reaction a balance has to be struck between these
factors, along with other influences such as reaction temperature and pressure, to give

a process that provides the best possible performance.

i
H ocC
1 | \ /C\ / W
2( "“Rh—CO —Rh-Rh— +H,
“ | AR
co i €O
o)

Scheme 1.8. Reversible dimer formation of rhodium hydroformylation catalysts; the

equilibrium is controlled by the nature of the bidentate phosphine ligand.>®

Another factor to consider when choosing a ligand to use in an industrial process is its
cost and stability. This has led to triphenylphosphine, PPhs, becoming the phosphine of
choice in several industrial processes.®” Due to its low preparation cost and stability in
air, a large excess of PPhs can be used in reactions to suppress catalyst decomposition.
PPhs-modified rhodium catalysts can also achieve I:b ratios of ~11, which are good
compared to those achieved for phosphine-modified cobalt systems previously

described (see section 1.4).>7

1.8 Diphosphine ligands in hydroformylation catalysis

Another way to improve the efficiency of hydroformylation catalysis that has been
investigated, is use of diphosphine ligands. These ligands offer the benefit of the chelate
effect, and hence give higher catalyst stability because of larger equilibrium constants
of phosphine binding than when using monodentate phosphines.>® The entropic
advantage of using a diphosphine also provides a useful way to ensure two phosphine

donors are coordinated to the metal centre, maximising the performance of the catalyst.
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Considering diphosphine-modified rhodium hydroformylation catalysts, there are two
possible isomers of the trigonal bipyramidal rhodium catalyst when a bidentate
phosphine is coordinated (Scheme 1.9), one with both phosphines in the equatorial
position and one with a phosphine in an equatorial and axial position. It has been found
that selective formation of the di-equatorial isomer favours the production of the linear
aldehyde and gives much higher I:b ratios than the eq-ax confirmation, due to a

combination of steric and electronic effects.®’

n2 M |
"~Rh—CO 0Cr-ph—co
< | R,P7
R2 co N\ Rz
€q, €q eq, ax

Scheme 1.9 Isomerisation of rhodium hydroformylation catalysts containing a

bidentate phosphine ligand.>’

Initial investigations using diphosphine ligands for hydroformylation explored common,
readily available diphosphines that had been previously applied in other catalytic
processes. For example, experiments using traditional diphosphines containing two
PPh, moieties connected via an alkyl chain, such as dppp, initially gave uninspiring
results, with poor selectivity for the linear aldehyde (Table 1.3).>° However, by using
more elaborate, synthesis-intensive diphosphines, which have a large bite angle,
improved catalyst selectivity can be observed. The ligand trans-dppm-cyp (Figure 1.6)
was found to give better selectivity for the linear aldehyde product than that achieved
using dppp.®® Similar product selectivity was achieved using ferrocene-based
diphosphines, which have variable bite angles as a result of rotation of their Cp groups.®*
The selectivity for linear aldehyde products can be improved further by the use of even
wider bite angle phosphines, such as BISBI (Figure 1.7).2 Other large bite angle
diphosphines, such as the Xantphos series of ligands, typically provide the best I:b
selectivity currently available.?® The reason for the increased selectivity arising from
application of wider bite angle ligands is due to the increased likelihood that the ligand
will bind to metals in the di-equatorial conformation. To identify ligands with wide bite

angles, the “natural bite angle” concept was developed using molecular mechanics.%3
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This calculation takes into account the ligand backbone constraints, but disregards

electronics effects of ligand metal interactions.

a) b

)
©_ Ar,
A\ Fe

]
Phy ©_ Ar,

Figure 1.6. Structures of a) trans-dppm-cyp and b) ferrocene diphenylphosphine, dppf.

Table 1.3. Natural bite angle (B) and resulting I:b ratio of some bidentate

phosphines.>”%%

Ligand Bite angle Bn / ° I:b ratio
dppp 91 0.8
trans-dppm-cyp 99 3.6
dppf 107 4.4
BISBI 122 25.1
Xantphos? 111 52.2
PPhs - 24

Conditions: syn gas pressure 16 bar, [Rh] = 1.5 mM, ligand/Rh = 2.4, 95 - 125 °C, solvent 2,2,4-trimethyl
pentane-1,3-diolmonoisobutyrate (Texanol), p(propene) 5 bar. ?syn gas pressure 20 bar, [Rh] = 1.0 mM

ligand/Rh = 5, substrate/Rh = 637.

" "C "CC
(L1 r
Ph
0 Ph, 2

Figure 1.7. Structure of a) Xantphos, b) BISBI and c) BINAP.

Despite the improved hydroformylation selectivity provided by these wide bite angle
ligands, their industrial application can be challenging due to the cost associated with

their synthesis on the desired scale. Additionally, their generally lower stability than air-
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stable PPhs means that PPhs often remains the industrial ligand of choice for single phase

hydroformylation catalysis.>’

1.9 Phosphite ligands in hydroformylation catalysis

Phosphites, P(ORs), have also been applied as ligands in hydroformylation catalysis.*>>’
The rationale behind their use comes from the fact that facile CO dissociation is required
for high reaction rates. Phosphites are more electron deficient than phosphines,
resulting in a stronger metal to ligand m-backbonding component upon metal
coordination.®” This lowers the electron density on the metal and promotes CO
dissociation, therefore increasing hydroformylation reaction rates. Phosphites have an
additional advantage in that they can be easily prepared and are less sensitive to sulfur
impurities and oxidising agents than phosphines. However, they are more susceptible to
side reaction such as hydrolysis, alcoholysis and the Arbuzov reaction (Scheme 1.10).%°
Aryl phosphites do not typically undergo the Arbuzov rearrangement and are therefore
the most attractive option for catalytic applications.®> Many similar concepts to those
established for phosphine ligand-containing catalysts still apply with phosphite systems,
such as the increased linearity of the aldehyde when using bulky ligands. This led to the
development of bulky aryl phosphites, which have been subsequently used industrially
by Shell and UCC (Figure 1.8).6364
OR?

I
! + Hal-R? ———» R Hal-R!

R10” MOR! ORL

Scheme 1.10. Arbuzov rearrangement.®®
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Figure 1.8. Structure of a) tris(ortho tert-butyl)phosphite (Shell) and b) (3,3',5,5'-tetra-
tert-butyl-2,2"-biphenyl)phenylphosphite (UCC).%%7

The high activity of phosphite-ligated rhodium catalysts has several beneficial
applications; firstly, milder reaction conditions can be employed to give desired reaction
rates, reducing costs, but also allowing functionalisation of substrates that would not
survive regular hydroformylation conditions. An example of this is the hydroformylation
of 2,3-dihydrofuran (Scheme 1.11).>7%® The high activity of phosphite-containing
catalysts can also allow the hydroformylation of less reactive substrates, such as internal
alkenes, with reasonable rates. Indeed, when isomerisation of internal alkenes is also

very fast, linear aldehydes can still be produced with reasonable yields.>’

0
\/—O] H,/CO O/CHO+§ Z
/ cat.
CHO

77 : 23
Scheme 1.11. Hydroformylation of 2,3-dihydrofuran using a Rh-tris(ortho tert-

butylphenyl)phosphite catalyst (shown in Figure 1.8a).%®

1.10 Bidentate phosphite ligands in hydroformylation catalysis

Diphosphites were first explored as ligands for rhodium-catalysed hydroformylation of
alkenes by Bryant and co-workers of UCC in 1987.%° They showed that by using a
bisphenol linker they could produce diphosphite ligands that give significantly higher

selectivity for linear aldehydes than the previously used monophosphite systems.
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Table 1.4. Hydroformylation using bulky mono- and di-phosphite catalysts.>’

Ligand T/°C p CO/H> | Ratio alkene Initial rate / mol. | I:b
bar CO/H; (mol Rh7?) h

PPhs 80 10 1:1 1-octene 2200 2.8

1.8a 80 10 1:1 1-octene 40,000 1.9

1.9a 90 7.1 1:1 1-butene 1320 3.8

1.9b 70 7 1:2 1-butene 1480 3.2

1.9¢ 74 4.5 11 propene 402 53

Conditions: 0.1 —1 mM Rh, L/Rh = 10 - 20, [alkene] =0.5 — 1 M in toluene.

MeO ‘Bu tBu ! OMe
! (o )¢ /og :
—0—(CH,),—0—

0/ ( 2)3 \o
MeO l Bu By l OMe

1.9b) 1.9¢)

1.9a)

X
=

ye

/°O

f
g

<

.
&
o

R = OCH3, 'Bu

Figure 1.9. Structures of the bulky diphosphite ligands developed by Bryant at UCC

corresponding to the data in Table 1.5.%°

The data summarised in Table 1.4 show that significant steric bulk at the bridging
bisphenol (Figure 1.9¢) is necessary to impart the desired high selectivity for the linear

aldehyde. These results also show that diphosphite systems exhibit lower rates of
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reaction in hydroformylation than their monophosphite analogues, but still provide

acceptable reaction rates compared to standard PPh3 systems.>®

1.11 Small bite angle ligands for rhodium-catalysed hydroformylation

Due to the general trend of large bite angle ligands giving high performance in rhodium-
catalysed hydroformylation, usually in the form of high linear to branched ratios and
reasonable reaction rates, small bite angle ligands have remained largely unexplored.*°
Despite this, simple, small bite angle ligands are interesting from an industrial point of
view due to their high tunability, simple synthesis and low cost compared to more
complex wide bite angle ligands. Small bite angle ligands may be able to bridge the gap
between high performance wide bite angle ligands, which are too expensive for
industrial application and PPhs, which is cheap and allows hydroformylation systems
employing large excesses of ligand to be commercially viable. One example of a small
bite angle ligand that has been investigated in hydroformylation catalysis is dppe,
employed in a rhodium-based system with butyl acrylate as the substrate (Scheme

1.12).7°

Rh(acac)(CO), (o)

(0]
i —>/ " I + HN i
+H, +CO oBu * \)I\
\)J\OBU 2 Toluene H OBu 5 OBu
1 2 3

Scheme 1.12. Rhodium-catalysed hydroformylation of butyl acrylate, where P/P is a

bidentate phosphine ligand (see Table 1.6).7°

As can been seen from the data in Table 1.5, dppe provides better selectivity for the
hydroformylation of butyl acrylate than the wider bite angled BINAP ligand, a common
asymmetric bidentate phosphine, and Xantphos (Figure 1.7).7° However, catalysis
employing dppe ligands proceeded with a much lower TOF than that achieved with
Xantphos. This result shows that bite angle is not always the primary factor affecting

hydroformylation selectivity.
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Table 1.5. Hydroformylation of butyl acrylate using a Rh(acac)(CO), / PAP catalyst

system.”°
Ligand Bite angle / ° Selectivity / % TOF/h™
(PAP) 1 2 3
dppe 85 100 0 0 118
binap 92 90 0 10 177
xantphos 107 88 5 7 3052

Conditions: [alkene] = 1.69 M, S/Rh = 1314 (mol/mol), L/Rh = 7, 80 °C, 20 bar syngas pressure, 20 minutes

in toluene (3 ml).

Another example of the use of small bite angle ligands in hydroformylation catalysis is
the hydroformylation of 2-vinyl-5-methyl-1,3-dioxane (VMD) (Scheme 1.13). This
process was investigated using small bite angle (~92°) so called k?>-P,P-PCNCP ligands,

resulting in complete selectivity for aldehyde products.’?

Rh(acac)(CO)

[0) 2
\ fH+ O CNC OHC [0 OHC 0]
< 2 Toluene +
o o] o]
1 2
php” SN
CNCP = &

Ph,

R =Bn, 'Bu, 'Pr

Scheme 1.13. Rhodium-catalysed hydroformylation of VMD, using a Rh(acac)(CO)./
PCNCP catalyst.”t

As shown by the data in Table 1.6, the various PCNCP ligands give approximately 75%
selectivity for the branched aldehyde, with the functionalisation of the amine having
only a very small effect on the catalyst performance.”* This is to be expected, as the
amine functionalisations used are unlikely to have large differences in their steric or
electronic effect contribution at the metal centre, which is usually required to effect
catalyst performance. This could be investigated further by also changing the
functionalisation at the phosphine. As the phosphine moieties are directly bound to the
metal centre, they are likely to have a much larger effect on the sterics and electronics

of the complex formed, and hence the catalysis. No TOFs were reported in this work,
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instead the conversion at 4 h was compared to that of Xantphos under the same
conditions. Xantphos was shown to give a 90% conversion, compared to 90 — 96% for
the PCNCP systems, suggesting that PCNCP ligands provide high activity alongside

moderate selectivity in hydroformylation catalysis.”*

Table 1.6. Hydroformylation of VMD using a Rh(acac)(CO)2 / PCNCP catalyst system.”*

Ligand Selectivity / % Conversion / %
1 2
PCNCPEn 28 72 96
PCNCPtu 27 73 a0
PCNCP®" 23 77 92

Conditions: [VMD] = 5.0 mmol, [VMD]/[Rh] = 5000, L/Rh =5, 120 °C, 20 bar syngas pressure, 4 h in toluene
(10 ml).

It is possible to further decrease the bite angle of the ligands used by moving to systems
employing k%-P,P-PNP ligands, which form strained 4-membered chelate rings with
metals, giving rise to typical P-P bite angles of approximately 70°.72 The PNP ligand N, N-
bis(diphenylphosphanyl)-n-propylamine (Figure 1.10) was investigated in the
hydroformylation of 1-octene using a Rh(acac)(k?-P,P-PNP) catalyst precursor. The
investigation found that the complex was highly active for 1-octene hydroformylation
and isomerisation, which led to a mixture of isomerisation and aldehyde products, with

no reduction products, e.g., alcohols or alkanes, detected (Table 1.7).73

/
N
IV

2

Figure 1.10. PNP ligand used in rhodium-catalysed hydroformylation of 1-octene.”?

No tuning of the ligand design was attempted during the investigation, so it remains
unknown how the substituents on the phosphorus or nitrogen atoms of the ligand will
affect catalyst performance. This remains an interesting area for future research as
these catalytic testing results show that small bite angle ligand containing rhodium(l)
complexes have potential to act as highly active and selective hydroformylation

catalysts, despite the lack of literature in this area.
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Table 1.7. Hydroformylation of 1-octene using a Rh(acac)(x*-P,P-PNP) catalyst

precursor.”?

Ligand TOFso / ht Selectivity / %
total Hydro- Isom- | nonanal 2- 2- 3-
formylation | erisation methyl | octene | octene
octanal
PrN(PPh2)2 | 57,000 36,300 20,600 45.1 18.6 35.2 0.8

Condlitions: substrate to metal ratio = 122,700, [Rh] = 0.0405, L/Rh = 1, 100 °C, 125 bar syngas pressure,
THF solvent. All data collected at 50% conversion, hydro = hydroformylation product, iso = isomerisation

product.

Another often overlooked consideration of ligand bite angle on hydroformylation is the
effect that the ligand bite angle has on metal hydride character. As discussed in Section
1.5, increasing the hydride character of hydroformylation catalysts has a positive impact
on the attainable aldehyde /:b ratios produced and is therefore generally desirable. It
was shown by Dubois that as the P-M-P angle of bidentate phosphines decreases, the
resulting enforced change in geometry around the metal centre increases the electron
density on the hydride ligand of [PdH(PH3)3]*, making it less acidic and more hydridic in
nature.’4 This was achieved using extended Hiickel calculations to qualitatively calculate
molecular orbitals for [Pd(PH3)3]?* and [PdH(PH3)3]* complexes under a range of

enforced P-M-P angles.

Later, the effect of varying diphosphine bite angle on the hydricity of a series of
[HPd(diphosphine);]* cations was investigated experimentally by Dubois.”> The
heterolytic bond-dissociation free energies, AG°4-, of [HPd(diphosphine):]* to
[Pd(diphosphine),]** + H-, were calculated from thermochemical cycles, half-wave
potentials, and measured pKa values for a series of 7 complexes in which the
diphosphine ligand natural bite angle varied from 78° to 111°. The diphosphine ligands
investigated included dppe (78°) and xantphos (111°), with the subsequent results
showing that the hydricities of the complexes investigated containing these two ligands
vary by 27 kcal/mol. By systematically changing the structures of the phosphine ligands
investigated, it was shown that ligand bite angle was the dominant factor influencing

[HPd(diphosphine),]* hydricity, with smaller bite angle phosphines resulting in a more
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hydridic complex, although the identity of the substituents on the phosphine also played
a role.”> More recent efforts have combined experimental and computational
techniques to investigate an increasing library of metal hydrides containing different
ligands and metal centres, including Rh, Co and Ni, for different applications, showing
similar trends in the effect of ligand bite angle on metal hydride complex hydricity to
those seen by Dubois.”®’8 Despite these findings, the effect of ligand bite angle on
hydroformylation regioselectivity is often discussed purely in terms of favouring eg,eq
or ax,eq phosphine conformations, whereas a complex combinations of steric and

electronic effects are likely also involved.*°

1.12 Separation of hydroformylation catalyst and products

A key challenge in the development of sustainable and economical industrial
hydroformylation processes is separation of the products and catalyst recycling.? In early
industrial processes employing HCo(CO)s catalysts, removal of the catalyst before
isolation of the products was required due to the poor stability of the catalyst under the
high temperatures and low pressures of CO required for product distillation. To achieve
this, a two-step approach has been employed by Produits Chimiques Ugine Kuhlmann
(now Exxon). In this process the catalyst is treated with an aqueous solution of NaHCO3
followed by use of a phase separation to extract the cobalt as Na[Co(CO)4]aq (Scheme
1.14).7° The catalyst can then be recovered by reaction with an acid under a pressure of

syngas to regenerate the HCo(CO), catalyst.

HCo(CO), + NaHCO; (,q ————— Na[Co(CO)] (2q)* H2CO03 (aq)

H
[Co(CO)], (ag) —————> HCo(CO), + (aq)

Scheme 1.14. Method of HCo(CO)4 removal and recovery from the reaction mixture.”®

Another approach, developed by BASF, removes the cobalt from the crude mixture by
reaction with formic or acetic acid under oxygen to produce aqueous soluble cobalt(Il)
carboxylate. After phase separation the catalyst is regenerated under high pressure of

syngas.®® These methods both suffer the downside that catalyst separation involves
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multiple steps, requiring chemical reactions first to remove, then to re-form the catalyst.
As a result, catalyst separation is time consuming, waste producing and expensive,

leading to the research of more facile catalyst separation methods (see section 1.14).

Rhodium hydroformylation catalysts were found to be more stable to high temperatures
and low pressures relative to their cobalt analogues. As a result, distillation of the
aldehyde hydroformylation products directly from the catalysis reaction mixture
without additional separation steps is possible when employing rhodium catalysts.3
Despite this, methods for the easier, and less energy intensive, separation of rhodium-
based hydroformylation catalyst from products were later developed. This included
employing phosphine ligands containing a sulfonate group, TTPPTS (Figure 1.11), that
renders the catalyst water soluble.8%82 The Ruhrchemie/Rhéne-Poulenc process for
hydroformylation of propene employs a two-phase system, with the catalyst in the
aqueous phase while the products and reactants are in the organic phase.8-82 TPPTS has
a solubility in water of ~1.1 kg / L, while remaining insoluble in most common organic
solvents used in hydroformylation, which together allows for effective catalyst/product
separation>’ The hydroformylation reaction proceeds at the aqueous-organic phase
boundary and in the aqueous phase where the substrate is sparingly soluble, before a
phase separation is performed to separate the catalyst and product. As well as the
improved separation, high selectivity is maintained in the reaction with high I:b ratios
achievable. Unfortunately, this approach can only be utilised with short chain alkenes,
e.g., Cz and C4, as longer chain alkenes lead to low reaction rates due to their insolubility
in the aqueous phase.8%82 Attempts to adjust the polarity of the phases to increase the
reaction rate run into issues, such as leaching of the catalyst into the organic phase,

which is unviable due to the high cost of rhodium metal.>’
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Figure 1.11. Structure of meta-triphenylphosphine trisodium sulfonate, TPPTS, a water-

S0,

soluble phosphine.®?

It is also possible to employ a “one-phase catalysis, two-phase separation process”
approach involving a homogeneously-catalysed reaction followed by a liquid-liquid
extraction purification step.8384 One such example of this approach has been developed
by Union Carbide. The reaction takes place in an apolar phase consisting of the alkene
substrate 58%, N-Methyl-2-pyrrolidone (NMP) 40% and water 2%. The catalyst contains
mono-sulfonated phosphine ligands, allowing solubility in polar and non-polar solvents.
Once the reaction is complete, water is added to give a 1:1 polar:apolar phase ratio, and
the catalyst is extracted into the polar water/NMP phase, enabling facile catalyst-
product separation. This approach enables a much wider substrate scope than the two-
phase catalysis method, up to Cis alkenes, albeit at the cost of lower activities due to

the required changes in ligand design.>’

1.13 Homogeneous vs heterogenous catalysis - advantages and disadvantages

Many successful hydroformylation systems have been developed with homogeneous
catalysts, where the catalyst is in the same phase as the reactants, including all the
examples included so far in this report. These reactions benefit from the typical
advantages of homogeneous catalysts, including high reaction rates and selectivities, in
addition to well defined catalytic species and relatively easy catalyst characterisation.®>
However, there are also several possible downsides of using homogeneous catalysts,
such as difficult separation of catalyst and products, reactor corrosion and low stability
of the catalyst. An alternative to homogeneous catalysis is heterogeneous catalysis,

where the catalyst is in a different phase to the reactants. This is usually achieved using
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a solid catalyst with liquid or gaseous reactants. By employing heterogeneous catalysis,
several advantages are gained over homogeneous catalyst, such as increased ease of
separation of catalyst and products, the ability to use fixed bed catalysts in continuous
processes, and better catalyst stability. However, these advantages often come at the
cost of lower activity and selectivity, as well as less well-defined catalysts, that make

mechanistic studies more challenging.°

1.14 Introduction to heterogeneous hydroformylation catalysis

In the context of Rh-catalysed hydroformylation there is a desire to develop
heterogeneous catalysts for industrial application, in order to remove the costly
distillation step required to separate the catalyst from reaction products. Removal of
this process step also provides the added benefit that the employed catalyst does not
need to withstand harsh distillation conditions, making catalyst recycling easier. This is
especially important due to the high cost of rhodium, which reached prices above

28,000 $ Oz in 2021 during the course of this project (Figure 1.12).
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Figure 1.12. Rhodium price per month from March 2000 — February 2024 in S Oz1.86

Many different methods of producing heterogeneous hydroformylation catalysts have
been employed to develop systems that benefits from the easier separation of a
heterogeneous system, while trying to maintain activities and selectivities that are
comparable to the homogeneous catalysis currently used in industry. These methods

include silica-supported rhodium nanoparticles, polymer-supported rhodium complexes
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(via polymerised phosphine ligands), supported rhodium single atom catalysts, rhodium
catalysts in supported ionic liquids and rhodium complexation to trialkylphosphine
ligands anchored onto carbosilane dendrimers.8’°! Unfortunately, however, these
systems generally suffer from several issues, such as low reaction rates, loss of
selectivity, and/or leaching of the metal from the solid support. Together, these issues
mean that such heterogeneous systems are not currently commercially viable solutions
and will not be discussed further in this review in order to keep this literature review
brief, as they are not strictly relevant to the work described in chapters 2—6 of this

report.

Another possible approach for the “heterogenization” of rhodium hydroformylation
catalysts is by using phosphine ligands modified with an extra functionality (remote from
the metal binding site) that can be used to tether a complex containing the ligand to an
insoluble support, such as a solid oxide (Scheme 1.15).%2 This allows the tethering of the
rhodium catalyst to the support via an inert spacer-tether, whilst essentially maintaining
a coordination environment around the rhodium centre that is comparable to that in
solution for completely soluble (homogeneous) catalyst systems. The aim of this is to
mirror the high rates and high selectivities of the reaction typically obtained in solution.
For discussion on the performance of a range of phosphine-immobilised

hydroformylation catalysts see section 1.16.

oxide H
) I]' support .
xwv( + [Rh(acac)(CO),] + H, —> XM< Rh—CO —> /Eg—co + HX
co

Scheme 1.15. Synthesis of heterogeneous hydroformylation catalysts via an

immobilised phosphine ligand containing a tethering functionality (X).%?

1.15 Mesoporous silicas — oxide supports for hydroformylation

Oxide supports, specifically mesoporous silicas, are the ideal choice of support for
immobilisation of transition metal complex catalysts for several reasons. Firstly, their

high mechanical and thermal stability means that the structural integrity of the support
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is assured under the reaction conditions, which usually involves high temperatures and
pressures for hydroformylation.® In addition to this, large pore size and surface area
allow for adequate diffusion of reactants and suitable sites for catalyst immobilisation.
Also, the well-defined nature of the silica allows greater confidence in the identity of the
catalytically active species, than with less well-defined supports, e.g., amorphous
materials and polymers.®* Finally, adjusting the synthesis conditions of oxide supports
allows for tuning of pore size and surface sites, providing extra control over the catalyst

system.

The surface chemistry of mesoporous silica is dominated predominantly by silanol
groups, Si—OH (Figure 1.13), which offer reactive sites at which appropriately-
functionalised ligands may be immobilised.? Isolated silanols are preferred for catalyst
immobilisation as they provide well-defined, discrete binding sites for metal complex
tethering. The distribution of silica surface sites can be controlled by post-synthesis heat
treatment. For example, vicinal silanols can be converted to isolated silanols by heat
treatment (calcination). In addition, the overall hydroxyl density can be controlled by
calcination at different temperatures, allowing control over the number of available
binding sites, allowing optimisation of the silica for use as a catalyst support.
- H
?/H ?/H \?/ H\O\ /O’H ) /0\/ '
-2, o, -0y ol 01 004 0
BUomas gL U

Isolated Vicinal silanol Geminal Siloxane bridge
silanol silanol

Figure 1.13. Surface sites present in silica.®®

Further opportunities for the modification of the support system are also available
during synthesis depending on the reaction conditions and templating agent used when
preparing porous materials, resulting in silicas with different properties (Table 1.8). This
allows the production of silicas with differing pore sizes and channel structures, allowing
for further tuning of the support system. Commonly used, well-defined silicas include
MCM-41, SBA-15 and KIT-6.96°8 MCM-41 and SBA-15 possess hexagonal 1-dimensional

channels, whereas KIT-6 has a 3-dimensional structure of interconnected cylindrical
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channels (Figure 1.14).%° As already stated, the structure of the silica is determined by
the templating agent wused during synthesis: alkyltrimethylammonium or
alkyltriethylammonium surfactants of alkyl chain lengths 12 to 22 for MCM-41; triblock
copolymer Pluronic 123 (EO20P070EO20) for SBA-15; and (EOQ20P0O70EO20)-butanol for
KIT-6. During synthesis, tetraethoxysilane (TEOS) condenses around the templating

agent, with the templating agent then being removed by calcination at a later stage.1®

a) b) e
( l"*‘f;“’-?j ’
R | Y

Figure 1.14. Representations of the unit cells of a) MCM-41 and SBA-15 and b) KIT-6.
Reprinted (adapted) with permission from Wilson et al. Copyright 2024 American

Chemical Society.®?

Table 1.8. Typical properties of some mesoporous silicas.*®™%2

MCM-41 SBA-15 KIT-6

Pore diameter / nm 3-55 5-11 4-12
BET surface area/ m? g™! 1000 800 800
Channel structure 1-D 1-D 3-D

Large channel diameters along with channel structure are important factors to consider
for “heterogenised” catalysis, as diffusion of the reactants or products can be rate-
limiting and have a significant impact on the activity of the catalysts. It has been shown
that the 3-dimensional network of channels in KIT-6 can allow for much higher activities
than the 1-dimensional channels in SBA-15 for heterogeneously-catalysed fatty acid
esterification, as diffusion is no longer the rate limiting step compared to 1-dimensional
systems.”® A high surface area is also desired to increase the chance of collisions

between surface-bound catalyst and reactants in solution/slurry.
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1.16 Immobilised phosphines for heterogeneous hydroformylation

In order to tether phosphine ligands onto silica, the most common method employed is
the condensation of an alkoxysilane moiety with silica surface silanols (Scheme 1.16).101
This has the advantage of a facile synthesis, while only producing volatile alcohols as a
by-product that can be easily removed under vacuum. As alcohols are also possible
reaction by-products of hydroformylation, trace amounts remaining in the catalyst are
unlikely to cause problems with subsequent catalysis. By employing a trialkoxysilane
tethering group, up to three bonds can be made between the ligand and the silica
surface, improving the robustness of the tether and reducing the chance of hydrolysis

separating the ligand from the silica surface.

ili OH silica O\
S8 L o+ (Me0),5i—R — 0—5i—R + 3 MeOH
support OH support O/

Scheme 1.16. Condensation of a trimethoxysilane with silica surface silanols.*°

A simple catalyst system prepared by silica-immobilisation of a phosphine ligand using
a pendant alkoxysilane functionality investigated for hydroformylation was a modified
Wilkinson’s catalyst with one of the phosphine ligands tethered to MCM-41 silica
(Figure 1.15).192 Results showed the phosphine tether provided significantly higher
initial turnover rates than a separately investigated tethered thiol (Table 1.9), but
leaching of rhodium out of the reaction resulted in large decreases in activity over time
when using the phosphine tether. Leaching was also observed for the thiol tether,
although to a much lesser extent, which levelled off over time. These findings were
attributed to the fact that SH is a much stronger m-accepter ligand than PPh,, which
could disfavour displacement of the dative coordination of the thiol SH moiety by CO
during the reaction. It is noted here however that metal to ligand n-back bonding is likely
to account for only a small part of the full metal-ligand interaction, with ligand to metal

o-donation dominating in these systems.
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Figure 1.15. Immobilised Wilkinson’s catalyst analogues for hydroformylation of

cyclohexene using modified phosphine and thiol donor motifs.1%?

The performance of the catalysts depicted in Figure 1.15 were also compared to that of
Wilkinson’s catalyst operating in solution, which was found to have a much higher
activity, likely due to the mass transport limitations inherent in heterogeneous
catalysis.’®2 However, the activity of the solution phase catalyst was also shown to
decrease over time, attributed to deactivation of the catalyst by side reactions such as
dimerisation, which appear to be suppressed for these immobilised catalysts. This
suggests that if rhodium leaching can be prevented, the immobilised catalysts could
perform at peak performance with much longer lifetimes than their homogeneous
analogues. The catalyst selectivity was shown to be maintained between the

homogeneous and heterogeneous catalysts.10?

Table 1.9. Hydroformylation of cyclohexene with immobilised Wilkinson’s catalyst.*%?

Catalyst Cyclohexene Turnover Selectivity / %
precursor conversion / frequency / Cyclohexene cyclohexane
% mol h! carboxaldehyde
RhCI(PPhs)s 89.4 1915 99.2 0.5
RhCI(PPhs)s 30.3 649 99.5 0.5
/SiO2(PPh;)
RhCI(PPhs)s 17.5 429 98.2 1.2
/SiO2(SH)

Conditions: Rh loading = 2.0%, L/Rh = 1, 100 °C, H2:CO = 1:1, 28 bar syngas pressure, 20 h in toluene
(12 ml).
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Another investigation was performed to determine the effect of the tether alkyl spacer
length on immobilised hydroformylation performance, while tethered to SBA-15. To do
this, a PPh, moiety was tethered to silica via various different length alkyl chains ranging
from C; to Cy; (Figure 1.16).103 Investigation into the effect of tether length on catalyst
selectivity showed no visible trend, with a range of I:b ratios between 1.4 — 1.9 observed
during 1-octene hydroformylation regardless of the alkyl spacer used.® These results
were highly variable between each catalyst cycle for a specific spacer length. In contrast
to the previous work, rhodium leaching was shown to be small, decreasing from 0.37 —
0.13% per cycle from a C; to Ci1 spacer. This suggests that alongside the ligand used,
other factors may influence rhodium leaching, such as support effects, catalyst synthesis

conditions and catalysis reaction conditions.

(o)
silica 0\
support n
pPp O/

n=1,3,5,8,11
Figure 1.16. Silica-immobilised phosphine ligands with varying tether lengths.

Major differences in catalytic activity were observed when using the systems with the
differing spacer chain lengths, with a steady increase in activity as chain length increases
(Figure 1.17).1% When chain length was increased to Ci1, activity increased to almost
equal that of Wilkinson’s catalyst run under standard homogeneous conditions. It was
hypothesised that this increase in activity for the system with the longer tether is a result
of the catalyst being much further away from the solid surface, providing greater
freedom of movement and orientation of the catalyst, allowing catalysis to occur more

effectively.1%3
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Figure 1.17. Graph showing 1-octene hydroformylation selectivity and TON using a
tethered Wilkinson’s catalyst, with alkyl chain spacer varying from Ci to Ciz
(reproduced from Ref. 98 with permission from the Royal Society of Chemistry).103
Conditions: 393 K, initial syngas pressure 5.0 MPa, reaction time 2.5 h. Initial Rh/1-
octene ratio (107%): 1.2 (S~C:—PPh,—Rh), 1.9 (S-Cs—PPh,—-Rh), 1.7 (S-Cs—PPh,—-Rh), 1.6
(S—Cs—PPhy,—Rh), 1.5 (5S—C1:—PPh,—Rh), 2.6 (homogeneous RhCI(CO)(PPhs)).

In an alternative approach, rhodium is bonded directly to silica and further anchored
through coordination to surface tethered phosphine ligands (Figure 1.18).1%* The
rhodium was supported on silica as Rh® nanoparticles and subsequently oxidised to Rh*
under air, before syngas addition and in situ phosphine coordination to form the active
catalyst.

/TN H /N
Ph,Pl PPh, 57
P /\

R
C',ooc/l\cooo
LN [

silica support

OEt

Figure 1.18. Rhodium hydroformylation catalyst with metal and ligand both bonded to

silica. 104
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Results of catalyst testing for the hydroformylation of ethene by the catalyst described
in Figure 1.18 showed an initial TOF of 18 h~! rising to a modest 48 h after 150 hours.'%
The catalyst was tested for a total of 1000 h on stream, after which time the TOF
remained at 48 h™!, with no detectable leaching of rhodium from the systyem, as
determined by ICP analysis. Reaction conditions used were: 1.0 MPa, 393 K; space
velocity of mixed gas (C2H4:CO:H2 = 1:1:1) 2000 h~. Rhodium nanoparticles used without
any tethered ligands were found to have a much lower activity of 2.7 h™* (c.f. 48 h')
highlighting the importance of the ligands in promoting catalytic activity. Despite the
relatively low activities achieved using this system, the absence of rhodium leaching
from the support provides a step forward towards a commercially viable heterogeneous

hydroformylation processes.%>

Another approach to developing highly active heterogeneous catalysts for
hydroformylation, whilst reducing metal leaching, employed the use of tetherable
bidentate phosphine ligands (Figure 1.19). In these systems continuous coordination of
the ligands to metal is favoured by the chelate effect, which should therefore reduce

rhodium leaching from the system.10®

Ph,

(MeO), /_\—N o)

Ph,

Figure 1.19. Xantphos-derived ligand for immobilised bidentate coordination to

rhodium.1%®

Interestingly, in this research different strategies for ligand immobilisation to
commercial silica and rhodium complexation were investigated (Scheme 1.17). In the
firstinstance, ligand immobilisation was performed, followed by rhodium complexation.
However, it was found that interaction between acidic silanol sites and the rhodium
precursor had a large impact on catalytic performance (Table 1.10). Following this, two
methods were employed to reduce the acidity of surface silanols, firstly by modifying
the surface silanol sites using dimethoxydimethylsilane, secondly, via the addition of

NEts as base to reduce the silica acidity before rhodium complexation. Finally, a rhodium
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complex containing the tetherable ligand was pre-made before immobilisation, to

negate the interactions between rhodium and the surface.1%®

< S)
S Rh
. O—Com - Ot
%&
O_C LU O—C\:Rh 1
silica ’

( [Rh] " 3
> C Rh orea Rh v

Scheme 1.17. Four approaches for immobilisation of a Rh(acac)(CO)2 complex onto

commercial silica using a Xantphos-derived bidentate phosphine.'%®

Table 1.10. Hydroformylation of 1-octene using Xantphos-derived phosphine I-1V
(Scheme 17) tethered to silica / Rh(acac)(CO),. 10

Catalyst | Time | TOF | I'b Selectivity / %
/h | /h? | ratio I- b- I- Octene
aldehyde | aldehyde | alcohol | isomers/
octane
I 0.5 n.d 2 40.1 22.0 0 37.9
I 23 8.0 19 85.5 4.5 0 9.9
i 22 8.7 37 96.2 2.6 1.0 0.2
\Y 22 13.2 | 37 90.7 2.6 5.1 1.6
homo 2 283 | 32 93.3 2.9 0 3.7

Conditions: H2:CO = 1:1, 50 bar syngas pressure, 80 °C, ligand:Rh = 10:1, substrate:Rh = 637:1,
Rh =10 pumol.
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Contrary to the other immobilised catalysts previously discussed in this report, /:b ratios
of the resulting aldehydes were determined for the systems described in Scheme
1.17.%96 Catalysts II, Il and IV gave very good /:b ratios, with Ill giving better selectivity
for 1-nonanal than the homogeneously catalysed reaction. As mentioned, the poor
selectivity of catalyst I is likely a result of rhodium ionically bonded to the silica surface,
showing that the method of immobilisation can significantly affect catalysis. Catalysts lll
and IV are shown to be the most favourable for highly selective heterogeneous catalysis
with Il being slightly more selective, while IV was more active. Repeated testing of the
catalysts showed that the rates and selectivities were maintained, suggesting that any
leaching of rhodium is negligible (but no analysis was performed to quantify this) and
that employing bidentate tethered phosphines could be an effective way to reduce

leaching and vastly improve catalyst selectivity.

1.17 Recent applications of rhodium hydroformylation catalysts immobilised onto
solid supports via tetherable ligands

One recent example of a heterogeneous hydroformylation catalyst in which rhodium
was immobilised through tetherable ligands, involved the production of a rhodium
complex anchored to the surface of a silica/polyamine composite.'®” To achieve this,
poly(allylamine) was covalently grafted onto the surface of amorphous silica gel to
provide a hybrid organic-inorganic surface. The resulting modified surface was then
further functionalised with 4-diphenylyphosphinobenzoic acid in an amide bond-
forming reaction, providing phosphine ligand donor sites for rhodium complexation.
Subsequent reaction with Rh(acac)(CO), provided a heterogeneous rhodium

hydroformylation catalyst (Figure 1.20).
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Figure 1.20. Structure of the heterogeneous rhodium hydroformylation catalyst

produced from amorphous silica modified with poly(allylamine) followed by 4-

diphenylyphosphinobenzoic acid and Rh(acac)(C0O)2.*%"

Catalyst testing for 1-octene hydroformylation was then performed using this
immobilised catalyst system (Table 1.11), showing an initial TOF of 150 h™! for the first
run.%” Upon reuse, the catalyst activity was found to be much lower, 80 — 100 h? for
runs 2 — 4, followed by a large decrease in activity after 5 runs. The decrease in activity
after the first run is explained due to the rhodium initially being present as a surface
bound species alongside a weakly bound physically adsorbed species that was not
successfully bound to the surface during catalyst synthesis. Upon catalyst testing the
physically adsorbed species can leach into solution and act as a homogenous catalyst,
improving activity during the first run before it is lost from the system. Subsequent runs
2-4 showed better catalyst stability with little change in catalyst performance, before a
significant loss in catalyst activity during run 5. These result show that rhodium leaching

is an on-going issue with these systems that requires further investigation.
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Table 1.11. 1-Octene hydroformylation performance of a silica/polyamine composite

Rh-anchored catalyst.*%”

run Octene Reaction mixture composition / % n:l of
conversion 1- iso- octane | aldehydes | aldehydes
octene | octenes
1 99 1 4 1 93 1.6
2 99 1 33 1 64 1.7
3 98 1 45 1 60 1.7
4 98 1 46 1 60 1.7
5 22 2 42 2 12 1.7
6 15 7 40 2 8 1.7

Conditions: 30 mg catalyst, 5 h, T =80 °C, p(CO/H2 1:1) = 4 mPa, 3.5 mmol 1-octene in toluene (2 ml).

Further work has also recently been published investigating supported NiXantphos
ligands (Figure 1.21).108109 |n this work the ligands were supported on hyperbranched
poly(arylene oxindole) polymers (HBPAO) and investigated for the microwave-assisted
hydroformylation of 1-octene (Table 1.12). The active rhodium catalyst species was
produced in situ by reaction of the supported ligand with RhH(CO)(PPhs)s in toluene

before addition of the alkene substrate.

Ph,

HBPAO
Ph,

Figure 1.21. Structure of NiXanthphos supported on a hyperbranched poly(arylene

oxindole) polymer.*%8
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Table 1.12. Microwave-assisted hydroformylation of 1-octene by HBPAO-supported
NiXantphos / RhH(CO)(PPhs)s.1°8

Run Conv /% I:b Leached Rh / ppm
1 95 15:1 2.81
2 93 15:1 0.25
3 94 15:1 0.22
4 92 15:1 0.19
5 92 15:1 0.17

Conditions: 1-octene (0.035 mmol), ligand: Rh = 8:1, 20 min microwave, T = 75 °C, p(CO/H2 1:1) = 4.8 bar,
in toluene (0.3 ml), initial rhodium loading = 11.2 mg.

Inductively coupled plasma (ICP) analysis was used to determine any leaching of
rhodium from the system after recovery and reuse of the catalyst. The results showed a
small amount of leaching during the first cycle, which drastically reduced after the first
cycle and continued to gradually decrease on each subsequent cycle.%® During repeated
catalyst tests the I:b ratio of 15:1 was maintained along with high substrate conversion.
These results provide additional evidence that application of a bidentate phosphine
ligand can be an effective way to reduce leaching from heterogenised hydroformylation

catalyst systems.

The HBPAO-supported NiXantphos / RhH(CO)(PPhs)s catalyst system was then tested for
a range of other alkene substrates. Pent-4-ene, allylbenzene, N-allylphthalimide, and
allyltrimethylsilane were all successfully converted to the linear aldehyde in good yields,
66 — 99%, showing the tolerance of this catalyst system to various substrate functional
groups. Unusually, the hydroformylation of styrene was shown to favour the linear
aldehyde (I:b = 2:1), whereas the branched product is usually strongly favoured due to
the formation of a n3-benzylic complex under homogeneous reaction conditions.*° This
reversed regioselectivity observed may result from the dendritic nature of the support,

which provides a unique microenvironment in which reactions take place.1%®

Rhodium hydroformylation catalysts immobilised onto multiwalled carbon nanotubes
(MWCNT) have recently been achieved using diphosphite ligands functionalised with a
pyrene moiety (Figure 1.22).11! During ligand synthesis a modified furanose backbone
was reacted with (bromomethyl)pyrene, followed by two equivalents of a

phosphochloridite to give the desired diphosphite that can be immobilised by m-n
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stacking between the pyrene moiety and a suitable solid support, such as MWCNTs,

reduced graphene oxide or carbon beads.

~ SO
0=

By 'Bu
(. W,
o
B 0O ‘Bu

Figure 1.22. Structure of diphosphite ligand with tetherable pyrene moiety.'!*

u

Upon rhodium complexation the resulting catalyst was investigated for the asymmetric
hydroformylation of norbornene (Scheme 1.18).1! Catalyst testing showed that exo-
product was produced with >99% selectivity. The ee achieved varied from 30 — 72%
depending on the exact reaction conditions used. Unfortunately, ICP analysis showed
78% loss of rhodium after one batch catalyst test cycle, and no detectable rhodium
remaining on the support after 3 cycles. This is likely due to the weak, non-covalent
interaction between the pyrene moiety and the support, resulting in a large degree of
leaching from the system. The catalyst performed better in a continuous flow reactor,
but, after maximising performance by optimising the reaction conditions and changing
to a carbon bead support, 31% of rhodium was lost from the system after running in
continuous flow for 190 minutes.!!! This suggest that a more robust tethering method
is required to make use of the high activities offered by phosphite ligands in immobilised

hydroformylation catalysis.

Rh/L CHO
e +
CO/H, CHO
exo-product endo-product

Scheme 1.18. Rhodium-catalysed hydroformylation of norbornene.*!
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1.18 Chapter 1 summary

The development of hydroformylation catalyst technologies has been an ongoing
endeavour since its initial discovery by Otto Roelen in 1938. This brief literature review
has aimed toillustrate some of the key challenges and corresponding solutions that have
driven research in this area. In particular, the appropriate design and application of
phosphine ligands has proved vital in obtaining high catalyst activites and selectivities,
with a wide variety of different phosphine ligands with differing steric and electronic
properties (and PAP bite angles for bidentate ligands) being utilised to suit particular
hydroformylation applications. Another key challenge in hydroformylation is the
separation of the transition metal catalyst from the reaction products, something that
is currently predominantly performed by distillation for Rh-catalysed systems.
Development of heterogeneous hydroformylation catalysts that can be separated and
recycled by filtration would provide a great economic and environmental boost to
current industrial hydroformylation processes. Despite significant research into this
area, heterogeneous hydroformylation catalysts are yet to see industrial application due
to ongoing issues with catalyst leaching and reducing activity compared to homogenous
processes that have yet to be fully addressed. It is our belief that by careful tuning of an
immobilised phosphine ligand combined with appropriate catalyst support, a
heterogenous hydroformylation catalyst suitable for industrial application is achievable

and will feature as the goal of this work.
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1.19 Project aims and objectives

The overall aim of this project is the development, understanding and refinement of
tuneable oxide-supported bidentate phosphines for applications in rhodium-catalysed
hydroformylation. To successfully achieve these aims, several key targets need to be

met:

Initially, a range of potential bidentate ligands must be designed and synthesised. Ligand
design will focus on exploring the effect of phosphine sterics, electronics and bite angle
on hydroformylation catalysis by adjusting the ligand backbone and phosphine ‘R’

groups (Chapter 2).

The steric and electronic characteristics of the produced ligands phosphine donors will
be investigated via use of the %Vpur and R3PSe | Hsep| coupling constant methods in order
to allow more effective comparison of the role phosphine steric and electronic factors
play during immobilised catalysis. The coordination chemistry of the ligands with
catalytically active metals Rh, Pd and Co will then be investigated to produce catalyst

precursors for hydroformylation (Chapter 3).

The immobilisation of the produced phosphine ligands and subsequent complexes onto
solid oxide supports via various silane derived tethering groups to silica will be
investigated via 2°Si and 3P MAS NMR spectroscopic analysis to understand the
reactivity and stability of immobilised phosphines and produce pre-catalysts suitable for

hydroformylation applications (Chapter 4).

The ultimate goal of this work is 1-octene hydroformylation catalyst testing of the pre-
catalysts developed over the course of this project. Catalyst performance will be
assessed by measuring catalyst activity and selectivity for (linear) aldehydes, with
comparison between the homogenous and heterogeneous systems developed of great
interest. The long-term stability of the immobilised catalyst systems will also be

investigated via catalyst leaching and recycling experiments (Chapter 5).
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Chapter 2: Design and
synthesis of tether-
functionalised diphosphine
compounds



2.1 Ligand design considerations

In the development of heterogenised catalyst systems using organic linker ligands to
immobilise discrete metal centres onto a solid support, it is well-established that the
structure of the organic linker ligand employed profoundly effects many aspects of
catalyst performance. For example, the correct choice of ligand is vital for achieving
good catalyst activity and selectivity, as is also observed for homogeneous catalysis (see
sections 1.8, 1.10 and 1.11).! In addition to this, the linker ligand also controls the
stability of the catalyst, specifically the propensity for the metal to remain anchored to
the support and hence avoid leaching of the metal into solution. This is a key
consideration in heterogenised catalysis, since separation of the immobilised catalyst
from the reaction mixture by filtration is the main advantage of this chemistry and is
fully dependant on the metal remaining firmly attached to the insoluble support. In this
regard, the linker ligand has two main roles: firstly, it must coordinate the metal strongly
enough that metal dissociation from the ligand is not a major issue, and secondly the
linker itself must be robustly attached to the solid support so that the metal-linker ligand

complex does not detach from the support into solution.

Taking into consideration these factors, three key aspects/factors of ligand design were
initially considered. Firstly, phosphine ligands are desired for metal complexation, as
phosphines are ubiquitous in hydroformylation catalysis due to the high catalyst activity
they impart. In particular, bidentate phosphines will be employed as they have been
shown to enable higher product selectivities relative to monodentate phosphines (see
sections 1.10 and 1.11), especially in terms of achieving high aldehyde [:b ratios in Rh-
catalysed hydroformylation.? In addition, exploiting the chelate effect of bidentate
ligands can improve catalyst stability and resistance to metal leaching due to metal
dissociation or ligand exchange.3 Secondly, a functional group that can irreversibly bind
to a solid support (e.g. silica) in a facile reaction is required that is also stable to
hydroformylation reaction conditions and practical to incorporate into ligand synthesis.
Finally, it is desired to explore a broad range of ligand characteristics that have been
shown to affect hydroformylation catalyst performance, such as phosphine sterics,
electronics and bite angle, as there has so far been only limited exploration of these

factors in immobilised hydroformylation catalysis. Therefore, a flexible ligand synthesis
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strategy that allows facile modification of these properties by simple, modular changes
to the ligand structure will be of great advantage (see Sections 2.2-2.4). Other aspects
of ligand design to consider include the cost and number of synthetic transformations
required for synthesis. As the aim of this project is the development of an industrially
viable heterogenised hydroformylation catalyst, the production cost of the catalyst
needs to be as low as possible. Heterogenised catalysts fundamentally consist of more
constituent parts than the currently operated homogenous catalysts, due to the
presence of the inorganic support. Although the financial cost of the support is likely to
be low relative to the cost of the precious metal salts required for catalyst synthesis, the
time and financial cost of the extra synthetic steps required to immobilise the metal
catalyst onto the support also need to be considered. As such, the use of catalyst
components that are cheap and readily available, and the design of linker ligands that
are simple and require as few synthetic steps as possible while still maintaining catalyst

performance, are desired to minimise the overall cost of the catalyst.

2.2 PNP ligand design and synthesis

An initial target for ligand investigation was a family of bis(diphenyl)phosphinoamine
(dppa-type) compounds that can act as small bite angle bidentate ligands, forming
4-membered chelate rings when coordinated to metals. They are attractive targets as
there has been little research on their application in hydroformylation catalysis,
although they have been shown to be highly active (1-octene,
Rh(acac)((Ph2P)2)NCH2CH2CHs)).# Indeed, the narrow bite angle of these ligands is likely
to have some interesting and underexploited effects in hydroformylation catalysis. This
is due to the strengthening effect of decreasing P-M-P bond angles on metal-hydride
character, which can be beneficial for increasing linear aldehyde selectivity in
hydroformylation, in contrast to the general favouring of wide bite angle ligands in

hydroformylation (see Chapter 1.13).°
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Scheme 2.1. Synthesis of various tetherable PNP compounds.

Synthesis of these ‘PNP’ compounds is generally readily achieved in one synthetic step
by reaction of a primary amine with two equivalents of a chlorophosphine, providing an
attractive synthesis strategy, which affords a symmetric diphosphine (Scheme 2.1). This
modular synthesis enables flexible control of several key ligand properties; by varying
the chlorophosphine used during synthesis, a range of compounds with different
phosphine steric and electronic characteristics can be produced, which are likely to
result in differing catalyst performance. For example, electron donating alkyl phosphine
groups can be incorporated to produce more electron-rich phosphines, whereas
incorporation of electron withdrawing alkylamino and phosphite moieties would result
in electron-poor phosphines. Phosphine electronic character is well established as an
important factor in controlling hydroformylation rates and selectivities in solution (see
sections 1.10 and 1.11) and is therefore of great interest to explore for heterogenised

catalysts.

Another key aspect of ligand design is incorporation of a tethering group that can
covalently anchor the ligand to a solid oxide support. For the production of tetherable

PNP ligands this can be readily achieved by application of a primary amine that has an
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appropriate additional functionality capable of covalently bonding to oxide supports by
reaction with surface silanols. It is of interest to investigate the use of a wide variety of
tethering groups for phosphine immobilisation, with the most desirable being a tether
that can be immobilised under mild conditions, while also being stable to the
hydroformylation catalyst testing conditions that will later be employed (e.g. Rh cat.,
90 °C, 20 bar 1:1 H3:CO, toluene). The tethering group should also not interact with the
coordination sphere of the metal centre employed during catalysis, in order to retain
the ‘solution like’ metal environment that typically provides high catalyst performance
in homogeneous hydroformylation processes. It was possible to identify several
commercially available amines containing relevant tethering groups that could be
investigated in the first instance. Combining these amines with various commercially
available (or readily accessible from simple starting materials) chlorophosphines means
that a large library of tetherable phosphine ligands can be produced to be investigated

in hydroformylation catalysis.

2.2.1 PNP ligand synthesis — varying the silica-tethering backbone

In order to investigate the effect of the tethering groups on solid-oxide-immobilisation
of PNP compounds, five related PNP compounds were designed and prepared with
varying tethering groups, L1-5 (Figure 2.1). Each compound features the same
bis(diphenyl)phosphinoamine moiety for metal complexation. Phenyl groups were
selected as phosphine ‘R’ groups, as they are the most commonly observed groups for
PNP compounds in the literature, allowing comparisons between this work and other
work in the literature, as well as sharing similarities to other established arylphosphine
ligands widely used in hydroformylation. The phenyl groups should result in
aminophosphines with moderate steric and electronic properties, that will be useful for
initial investigations. Each compound features a three-atom spacer between its
aminophosphine nitrogen atom and tethering group silicon atom, as these were the
most readily synthetically accessible from commercially available start materials. Also,
this three-atom spacer motif has been widely explored for various applications where

organic compounds are immobilised onto oxide supports in the literature.®’
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L1 L2 L3

L4 L5

Figure 2.1. Structures of PNP compounds L1-5.

All compounds L1-5 are capable of covalently bonding to oxide supports by nucleophilic
attack of oxide-support surface silanols to the electrophilic silicon atom of the various
silane-type tethering groups, the details of which will be discussed in Chapter 4 (see

section 4.2).

The trialkoxysilane L1, (PPh2)2N(CH2)sSi(OMe)s, has been previously investigated for the
immobilisation of palladium complexes onto silica, providing a useful literature
comparison for our initial immobilisation attempts (see section 4.2), while remaining
completely unexplored in regard to hydroformylation catalysis or rhodium coordination
more generally.® Novel compounds L2, (PPh;);N(CH;)3Si(OMe);Me, and L3,
(PPh2)2N(CH3)3Si(OMe)Me; feature reduced numbers of OMe groups relative to L1 (two
and one respectively). This change will affect the tethering group’s reactivity with oxide
supports and allow us to probe the effect that the number of bonds between the ligand
and surface has on the robustness of immobilisation. The compound L4,
(PPh3)2N(CH2)2(NSi(Me),CH2CH(CHs)CH), features a cyclic azasilane group that can
undergo a ring opening “click” reaction with silanols, resulting in an immobilisation
process that is extremely facile and 100% atom efficient, making for a very attractive
target. The disadvantage of this approach is the high cost of the azasilane starting
material relative to the alkoxysilanes previously discussed. Another important
consideration for compounds L1-4 is that the tethering functionalities are very water
sensitive due to being designed to be reactive with silanols. This can make handling of

the compounds difficult as they are very susceptible to hydrolysis and therefore need to
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be carefully handled and stored under inert conditions to prevent decomposition. As a
result of this, an air-stable alternative to these compounds was desired for investigation,
for which compound L5, (PPh3)2N(CH,)3Si(OCH2CH2)sN, featuring a silatrane tethering

functionality, was designed and synthesised.

The silatrane functional group exhibits greatly improved stability to water and other
nucleophiles over alkoxysilanes due to the macrocyclic nature of the triethoxyamine
moiety bound to the silicon atom.® Furthermore, the nitrogen lone pair is donated into
an empty Si-C o* orbital, providing further increased stability. As a result, in contrast to
the decomposition of alkoxysilanes induced by water, which takes minutes, silatranes
only fully decompose in water over a period of days.” Additionally, silatranes are
commonly crystalline solids, which makes handling and purification of their compounds
significantly easier than their alkoxysilane analogues. However, the increased stability
of the silatrane group relative to alkoxysilanes does have the drawback of reducing its
rate of reaction with oxide supports. Nevertheless, this reaction has still been
successfully achieved using a number of different oxides in the literature (including SiO,,
TiO3, Sn0y), although harsher conditions are often required for immobilisation relative

to alkoxysilanes, something that will be explored later (see section 4.10).1°

The required amine for the synthesis of L5 was not commercially available and was
therefore synthesised according to an adapted literature procedure by reaction of
(3-aminopropyl)trimethoxysilane with triethanolamine in the presence of catalytic KOH

(Scheme 2.2).1

HO OH
_/—\ \/\N/\/ toluene //\0\ _/—\
(MeO), NH, + H T N 0~ NH, +3 MeOH
¢
OH 52% yield

Scheme 2.2. Synthesis of (3-aminopropyl)silatrane.

The synthesis of the compounds described in Figure 2.1 was performed via an adaption
of a literature procedure reported by Braunstein et al. (Scheme 2.1).2 Several solvent
options for this reaction were investigated such as, DCM, THF and toluene, with THF or
toluene being preferred as they do not dissolve the resulting NEtsHCI, facilitating a more

straightforward reaction work-up. No effect on reaction selectivity was observed when
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these different solvents were employed. Compounds L1-4 were all isolated as viscous
colourless/pale yellow oils that required no further purification in moderate yields (43 —
69%). Compound L5 was isolated as a white solid (64% yield) that was recrystallised from
DCM/hexane to give single crystals suitable for X-ray crystallography, which was
performed at Durham University by Dr D. Yufit. 3'P NMR spectroscopic analysis of these
compounds all showed the presence of a characteristic singlet at ~¥61 ppm, diagnostic

for RN(PPh3)2 compounds.!?

Figure 2.2. Molecular structure of L5. Hydrogens and DCM solvent molecule omitted for
clarity. Selected bond angles / °: P-N-P 120.08(8); P-N-C 115.1(1), 122.7(1). Selected
bond distances / A: P-N 1.715(1), 1.718(1); C-N 1.485(2); Si-O 1.668(1), 1.663(1),
1.666(1); Si-N 2.171(1); Si-C 1.880(2).

The molecular structure of L5 (Figure 2.2) shows a P-N-P bond angle of 120.08(8)°,
corresponding  to a  trigonal planar  nitrogen atom  typical for
bis(diphenylphosphino)amine ligands.'?> The two tetrahedral phosphorus atoms adopt
the commonly observed staggered conformation relative to each other, with the two P
lone pairs pointing in opposite directions.'? Also of note is the pentacoordinate silicon
atom, which adopts a distorted trigonal bipyramidal geometry typical of silatranes.® The
Si-N bond distance of 2.171(1) A also agrees with typical literature values for silatranes.
It is significantly longer than a regular Si-N bond distance of ~1.8 A.23 This is due to the
three-centre four-electron bonding present in silatranes, with Si-N bond distance shown

to decrease as the Si-C bond opposite increases in length.'*
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After recrystallization of L5, the filtrate was left to stand, resulting in formation of
further colourless crystals suitable for XRD analysis, which was performed in Durham by
Dr D. Yufit. These were identified as the previously reported compound O(Ph,P0O),
although the molecular structure of this compound had not previously been determined
(Figure 2.3).1> The compound presumably formed as a side reaction of L5 with trace
water and oxygen present in solution. This compound is of interest as the un-oxidised
species O(PPh;)2 has been previously reported as a ligand for hydroformylation after its
accidental formation by P-N bond hydrolysis of an aminophosphine ligand, while its

direct synthesis proves difficult.*

Ph,(0) -0~ (0)Ph,

Figure 2.3. Molecular structure of O(Ph;PO),. Hydrogens omitted for clarity. Selected
bond angles / °: P-O-P 142.18(8). Selected bond distances / A: P-O 1.606(1), 1.610(1);
P=0 1.473(1), 1.470(1).

2.2.2 Synthesis of PNP ligands — varying the phosphine ‘R’ group

Alongside PNP compounds containing various silica-tethering groups, synthesis of PNP
compounds with different phosphine moieties were required. By changing the
phosphine ‘R’ group, potential PNP ligands with varying steric and electronic phosphine
properties could be produced. By systematically changing these properties, their effect
on hydroformylation catalysis following rhodium complexation can be determined,
allowing the catalyst system to be optimised to provide the best combination of catalyst

activity, selectivity and stability. Thus, a series of target PNP compounds with varying
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electronic properties moving from electron-rich dialkyl phosphines to more electron

deficient amino-phosphines and phosphoramidites was devised (Figure 2.4).

ip Ph
(Me0)3 —/_\l}l/ ry (Me0)3 —/_\I?I/ 2

L6 L1

(Meo), S\ (N'Pr,), (MeO), _/_\N/ (NEt,),

(NiPrz)z (NEtz)z

L7 L8

Figure 2.4. Structures of target PNP ligands with varying phosphine electronic

characters.

2.2.3 Attempted synthesis of compound L6: (Pr2P)2N(CH.)sSi(OMe)s — synthesis of
compound L6X: 'Pr.,PNH(CH2)3Si(OMe);

Attempted synthesis of compound L6, (‘Pr,P);N(CH.)sSi(OMe)s was performed according
to the methodology described in Scheme 2.1. However, when analysed by *H, 13C and
31p NMR spectroscopies, the product was found to be the 1:1 reaction product of ‘Pr,PCl
and (3-aminopropyl)trimethoxysilane, L6X, 'Pr,PNH(CH2)3Si(OMe)s, rather than the fully

substituted target compound L6 (Scheme 2.3).
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THF H
L6X

_ NEt, .
(MeO), —/_\NH2 + Prypcl ——— (MeO); — - Pry 4 NEt;H

76% yield
Scheme 2.3. Synthesis of L6X.
It is likely that the attempted synthesis of L6 giving rise instead to the formation of L6X,
is due to the steric hinderance of the 'Pr groups disfavouring a 2:1 reaction
stoichiometry. Despite this, the reaction to form L6X proceeded cleanly, with L6X being
isolated in 76% yield. In order to try and favour the formation of L6 rather than L6X, an
alternate procedure was performed using DCM solvent rather than THF. It was
rationalised that the more polar solvent may enhance the favourability of the Sn2
nucleophilic attack of the amine to the chlorophosphine, encouraging formation of the
disubstituted product L6. Using DCM as the solvent also had literature precedent for the
synthesis of sterically encumbered PNP compounds, where it was suggested that the
partial solubility of NEtsHCl in DCM may favour the desired PNP-forming reaction.®
Unfortunately, this revised method again resulted in the formation of compound L6X,
alongside an iminobisphosphine product (Figure 2.5), confirmed by two characteristic
doublets in the 3P NMR spectrum at =7 and —21 ppm. These iminobisphosphine
compounds are commonly formed side products during the synthesis of PNP
compounds, particularly when more sterically demanding substituents are applied on
the phosphine and/or amine.'” Other alternative methods to achieve the synthesis of
compound L6 were considered, such as using higher reaction temperatures or stronger
bases, such as LDA or "Buli, that have been widely applied in the literature for various
P-N bond forming reactions.'® However, these strategies were disregarded due to the
sensitive nature of the trialkoxysilane tethering functionality that cannot withstand

these more forcing conditions.!?
(MeO), —/_\N= \
'Pr,

Figure 2.5. Structure of iminobisphosphine side product.
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2.2.4 Attempted synthesis of aminophosphine PNP compounds L7:
(P(NiPrz)z)zN(CHz)gSi(OMe)3 and L8: (P(NEtz)z)zN(CHz)gSi(OME)3

In order to synthesise compound L7, (P(N'Pry);)2N(CH2)3Si(OMe)s the required
chlorophosphine reagent was first prepared according to a literature preparation
(Scheme 2.4).2°

4 HN'Pr, + PCly w» (N'Pr,), + 2 NH,'Pr, 57% yield

Scheme 2.4. Synthesis of bis(diisopropylamino)chlorophosphine.?°

Attempted synthesis of compound L7 was then performed by reaction of
(3-aminopropyl)trimethoxysilane  with  bis(diisopropylamino)chlorophosphine in
toluene according to the methodology shown in Scheme 2.1. No reaction was detected
by 3P NMR spectroscopic analysis of an aliquot of the reaction mixture despite
prolonged reactions times and heating the reaction to reflux, so the reaction was
abandoned. The lack of reaction is likely due to the large steric bulk of the N'Pr, groups
on the phosphine. However, unlike the attempted synthesis of L6, none of the mono

reaction product was observed.

In order to reduce the steric bulk of the chlorophosphine used in the reaction, CIP(N'Pr2)2
was replaced with CIP(NEt2)2, resulting in the design of compound LS,
(P(NEt2)2)2N(CH2)3Si(OMe)s. This allowed for a reduction in phosphine sterics relative to
L7 without drastically changing the electronic character of the phosphine. CIP(NEt2); was
reacted with (3-aminopropyl)trimethoxysilane in DCM according to the methodology
described in Scheme 2.1. After stirring at room temperature for 18 hours no reaction
was detected by 3P NMR spectroscopic analysis of an aliquot of the reaction mixture.
The reaction mixture was subsequently brought to reflux; however, after 2 hours of
heating, 3P NMR spectroscopic analysis showed complete decomposition of the
reactant phosphine into multiple unidentified phosphine-containing species. This result
shows that by reducing the steric strain around the phosphine, its reactivity was
increased as desired, but this was not selective for the desired product and so the

reaction was abandoned.
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2.2.5 Synthesis of phosphoramidites PNPs L9: (P(C12Hs02)2N(CH2)sSi(OMe)s, L10:
(P(C12Hs02)2N(CH3)2(NSi(Me)2CH2CH(CH3)CH3), L11: P(C12H502)2N(CH2)3Si(OCH2CH3)3N
and L12: P(Con1202)2N(CHz)3Si(OCHzCH2)3N

The phosphoramidite L9, (P(C12Hs02)2N(CH3)3Si(OMe)s, was an important target PNP
compound that could potentially act as an electron-deficient diphosphine ligand due to
its electron-withdrawing biphenol groups. Comparison of the catalytic performance of
L1 and L9 in rhodium-catalysed hydroformylation allows the effect of phosphine
electronics on the process to be investigated for small bite angle ligands (see Section
5.3.1). Due to the high sensitivity of phosphites to alcohols and other nucleophiles, an
aromatic, chelating, 2,2’-biphenol moiety was incorporated into the design to provide
as much stability as possible. In order to synthesise L9, the required chlorophosphite
reagent, 2,2’-biphenol phosphochloridite, was first synthesised according to an adapted

literature procedure (Scheme 2.5).2

O OH  2NEt; O O.

,+ — —Cl +2 NEt;H

O OH  toluene 0 0
75% vield

Scheme 2.5. Synthesis of 2,2’-biphenol phosphochloridite.?

Subsequently, compound L9 was synthesised through reaction of the 2,2’-biphenol
phosphochloridite with the appropriate amine according to the methodology described
in Scheme 2.1. Unusually for typically oily alkoxysilane-type compounds, L9 was
successfully recrystallised from a DCM:hexane solution to give a white crystalline solid
suitable for single crystal XRD analysis, which was performed in Durham by Dr A.
Batsanov (Figure 2.6). The 3P NMR spectrum of L9 shows a single resonance at +152
ppm, in good agreement with similar compounds in the literature.?> The phosphorus
electron character of L9 was investigated via measurement of the |Jsep| coupling
constant of the corresponding selenide derivative, L9Se;, as will be discussed in the next
Chapter (see Section 3.2). Compound L9 is of specific interest, as
phosphite/phosphoramidite ligands have yet to be employed in heterogenized

hydroformylation catalysis to the best of the author’s knowledge.
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Figure 2.6. Molecular structure of L9. Hydrogens and alkyl chain disorder have been
omitted for clarity. Selected bond angles / °: P-N-P 110.62(6); P-N-C 124.86(8),
124.43(8). Selected bond distances / A: P-N 1.693(1), 1.694(1); C-N 1.501(1); P-O
1.6454(9), 1.6368(9), 1.6459(9), 1.6351(9).

The molecular structure determination of L9 gives bond distances and angles that are
comparable to those for related compounds reported previously in the literature.?223 In
contrast to typical examples of PNP compounds, where the phosphine lone pairs are
staggered in order to reduce electron—electron repulsion, the phosphorus lone pairs in
L9 are parallel to each other, with the phosphite moieties bent backwards.?3 This
conformation suggests that L9 should readily coordinate to metal fragments, as the
phosphorus lone pairs are already in the necessary conformation. It is therefore of
interest whether this has any effect on the coordination chemistry of L9, which can be
assessed by producing rhodium and cobalt complexes of the ligand and also performing
hydroformylation testing on L9-containing complexes and comparing the results to the

other PNP compounds produced.

Unfortunately, the repeated synthesis of compound L9 proved to be unreliable,
resulting in a mixture of products that could not be separated, including the mono-
phosphoramidite-containing product. Due to the highly air sensitive nature of both the
phosphorus-containing moiety and the trialkoxysilane group, purification of these
compounds is very challenging. Additionally, the reactivity of the alkoxysilane
functionality with silica means that standard silica-column chromatography purification
techniques are also not possible. It was initially hypothesised that the reason for lower

selectivity of the reaction when repeated maybe due to the poor long-term stability of
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the chlorophosphite starting material, despite it being stored in a glovebox. However,
re-purification of the compound before use did not significantly improve selectivity to
the desired compound L9, which may be very sensitive to the exact reaction conditions

employed that are not possible to fully replicate between syntheses.

Due to the difficulties encountered in developing a reliable synthesis for L9, attention
turned to the development of a new phosphoramidite PNP compound featuring an
azasilane tethering group rather than the alkoxysilane previously investigated. By
incorporating a different tethering group into the design, it would be possible to
determine whether the tethering functionality was impacting the effectiveness of the

attempted synthesis of these types of compound.

—Si—=N
e K
_/—NH2 O o 2 NEt, _0
N +2 Sp—(] — N7 +2 NEt;H
1 o~ toluene - ©
olu
~Q ot C

L10

Scheme 2.6. Synthesis of L10.

Attempted synthesis of L10, ((C12HsO2)P)2N(CH2)2(NSi(Me),CH,CH(CH3)CH2) was
performed according to the methodology described in Scheme 2.6. The formation of L10
proceeds cleanly in toluene, as evidenced by the singlet at +150 ppm in the 3'P{*H} NMR
spectrum of an aliquot of crude reaction mixture (Figure 2.7), in good agreement with
the +152 ppm 3!P NMR shift of L9. Indeed, integration of the signals show 96%
conversion to L10 after 12 hours, with 4% 2,2’-biphenol phosphochloridite starting
material remaining (3!P{*H} NMR = +179 ppm), which did not change after a further 12
hours. However, during removal of NEtsHCI by filtration and concentration of L10 by
removal of all volatile components from the reaction mixture in vacuo, decomposition
of L10 readily begins to occur. The green spectra in Figure 2.7 corresponds to partial

decomposition of L10 after these simple work up procedures were performed. It is not
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clear why L10 is unstable when concentrated, but this suggests that it is some form of
intermolecular self-reaction that only occurs at high local concentrations. Despite this,
L10 was found to be stable in the crude reaction mixture for several days. Since the
phosphoramidite containing compound L9 and azasilane PNP compound L4 were both
found to be stable as neat oils, this suggests that some form of interaction between the
azasilane and phosphoramidite functionalities may be the origin of the observed
instability. The two largest peaks in the resulting 3'P NMR spectrum reside at +150 and
+148 ppm, respectively, and occur in equal intensities. No coupling is observed between
these peaks and hence one possible explanation of this NMR data is P-N bond cleavage
to give two phosphorus-containing compounds. Additionally, there are multiple other
smaller resonances corresponding to other unidentified degradation products at +136,
+138, +144, +146, +148, +149 and +150 ppm. L10 was also shown to be highly sensitive
to halogenated compounds such as DCM and CDClz resulting in complete decomposition
of L10 in the time taken to perform an 3!P NMR experiment. Due to multiple overlapping
signals in the resulting 3'P NMR spectra (Figure 2.7, red) it was not possible to attribute
these to any specific degradation pathways however many of the signals appear to be
the same as observed after degradation of neat L10. Since isolation of L10 was not

possible, further investigation into this compound was abandoned.
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Figure 2.7. 3'P{'H} NMR spectroscopic analysis (162 MHz, 295 K) of L10: blue; crude

reaction mixture in toluene (3'P{H} unlocked experiment), green; in CsDs after filtration

and removal of all volatile components in vacuo, red; in CDCl3.

In order to develop a phosphoramidite PNP compound that could be reliably accessed,
a different synthesis strategy was employed. This required incorporation of a silatrane
tethering functionality due to its enhanced stability to air and moisture. A two-step
procedure was then performed whereby (3-aminopropyl)silatrane was initially reacted
with two equivalents of PCl; to produce a PNP compound with 4 P-Cl bonds (Scheme
2.7). This compound was then reacted with two equivalents of the desired biphenol to
produce the target compound L11, ((C12HsO2)P)2N(CH2)3Si(OCH2CH2)sN (Scheme 2.8).
This two-step procedure has been successfully employed for similar compounds in the
literature and boasted several benefits over the previous synthesis of L9, including facile
repeatable synthesis of the target compound.?* Additionally, the unstable and
challenging to make phosphochloridite intermediates employed in the synthesis of L9
could be avoided, providing an overall more facile synthesis route. As well as this,
isolation of the bis(dichlorophosphino)amine intermediate facilitates access to a variety
of phosphoramidites ligand targets by reaction of the bis(dichlorophosphino)amine

intermediate with different alcohols. In this fashion, alongside the compound L11,
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analogous to the previously synthesised L9, another potential ligand, L12,
((C12H802)P)2N(CH2)3Si(OCH2CH2)sN was produced by using (s)-BINOL as the alcohol
(Scheme 2.8). Incorporation of a chiral alcohol into compound design results in an
overall chiral potential-ligand. This enables the possibility of investigating L12 in
enantioselective hydroformylation catalysis, which is a topic of considerable interest.?>
However, analysis of the steric properties of L12, using the SambVca 2.1 web tool to
calculate a “Percent Buried Volume” and steric map, suggested this chirality is too far
removed from a metal centre upon coordination of L12 to impart any chiral selectivity

in reactions at a metal centre (see Section 3.2.2).

N/\7\\O\ N\ +2 ﬂ»N//:g /N o N
07 NH, > toluene \\/O/ I 3

/
o 2
37% yield

Scheme 2.7. Synthesis of bis(dichlorophosphino)amine intermediate.
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Scheme 2.8. Synthesis of compounds L11 and L12.

2.3 PCNCP ligand design

To complement the small bite angle PNP compounds produced, potential ligands with a
wider bite angle were desired to allow a comparison of bite angle effects on
heterogeneous hydroformylation catalysis. To accomplish this, a simple change in design
to the PNP compounds was devised by “inserting” CH; spacers between the P and N
atoms. This would have the effect of increasing the bite angle from ~70° to ~90° upon
coordination to a metal, producing a so-called medium-sized bite angle ligand scaffold.2®
By employing only a small change in ligand design, changes to the phosphine electronics
and sterics between the PNP and PCNCP compounds could be minimised to focus on

bite angle effects during catalyst testing.
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Figure 2.8. Target PCNCP compounds.

A range of PCNCP compounds starting from different phosphine precursors were
designed (Figure 2.8). The phenyl derivative, L13, was designed to allow like for like
comparison with the diphenylphospino-PNP compound L1, while the 'Pr,, 'Bu, and Cy;
derivatives were chosen in order to conduct a study on the effect of steric bulk at the
phosphorus atoms on heterogenous hydroformylation catalysis. The same commercially
available amine (3-aminopropyl)trimethoxysilane that was used for the synthesis of L1
was selected to keep the tethering group and alkyl spacer the same between the PNP

and PCNCP compounds.

2.4 PCNCP ligand synthesis strategy

An adapted literature procedure was employed for the synthesis of PCNCP compounds
(Scheme 2.9).25 In the reaction, the desired secondary phosphine (HPR;) reacts with
formaldehyde, introduced into the reaction as paraformaldehyde, to form an (a-
hydroxy)phosphine intermediate, R,PCH,OH, which subsequently reacts with the
primary amine to form the product. Methanol is required as a solvent that can crack
paraformaldehyde to formaldehyde, while toluene is used as the bulk solvent to enable

higher reflux temperatures.
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Scheme 2.9. General synthesis strategy for preparation of PCNCP compounds.?®

2.4.1 Synthesis of compound L13: (Ph2PCH;)2N(CH2);Si(OMe)s

In order to synthesise compound L13, (Ph,PCH3).N(CH;)3Si(OMe)s, it was first necessary
to prepare the required diphenylphosphine precursor. This was achieved following a
literature procedure involving the lithiation of triphenylphosphine with elemental

lithium in THF at 0 °C (Scheme 2.10).%”

THF
1. PPhy+ 2 Li = Ph,PLi+PhLi+H,

Et,0
2. Ph,PLi + PhLi + 2 H,0 ———— HPPh, + PhH + 2 LiOH
Scheme 2.10. Synthesis of Ph,PH.?”

The synthesis of L13 was then performed according to the methodology described in
Scheme 2.9 by reaction of (3-aminopropyl)trimethoxysilane with diphenylphosphine
and paraformaldehyde in toluene/methanol, affording the target compound in 64%

yield as a yellow viscous oil upon workup. 3P NMR spectroscopic analysis of the
compound showed a lone resonance singlet at -29 ppm, in good agreement with related

literature compounds.2®
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2.4.2 Attempted synthesis of compound L14: (*Bu2PCH3)2N(CH2)3:Si(OMe)s

Attempted synthesis of compound L14, (‘BuzPCH;):N(CH,)3Si(OMe)s, was performed
according to the methodology described in Scheme 2.9 by reaction of (3-
aminopropyl)trimethoxysilane with di-tert-butylphosphine and paraformaldehyde in
toluene/methanol. The product was isolated in low yield (10%) and *H and 3P NMR
spectroscopic analyses showed the sample to contain several impurities. One possible
explanation for this is that the water produced as a by-product during the reaction could
react with the trimethoxysilane group to form silanols. This could result in
oligomerisation of the silane moiety, which would cause the reaction to fail. It is known
that water/methanol mixtures exacerbate this effect of alkoxysilane hydrolysis.?® When
this synthesis of L13 was repeated, similar impurities were also observed, suggesting

this synthesis strategy is not very reliable when alkoxysilane functionalities are present.

2.4.3 Attempted synthesis of PCNCP compounds via

dialkylbis(hydroxymethyl)phosphonium chloride salts

In order to gain better control and understanding of the chemistry occurring during the
attempted synthesis of compound L14, a two-step synthesis was performed, whereby
the methylhydroxyphosphine intermediate (R,PCH,0H), shown in Scheme 2.9, is first
isolated as a phosphonium salt by reaction with HCl (Scheme 2.11).2° Following this, in
a second reaction the phosphonium salt is combined with NEt; and
(3-aminopropyl)trimethoxysilane to afford the target PCNCP compound (Scheme 2.12),
as has been performed for similar compounds in the literature.?® This alternative
reaction pathway had two proposed benefits. Firstly, by isolating and purifying the
crystalline salt intermediate, any impurities produced during the formation of the
intermediate could be removed, with the aim of simplifying the system before the
water-sensitive alkoxysilane-functionalised amine is added. Secondly, as the
phosphonium salts produced are readily soluble in MeOH, unlike paraformaldehyde,
which is very slow to dissolve, only a short one-hour reaction time is required. This
shorter reaction time may minimise trimethoxysilane oligomerisation due to the

presence of water.
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0 H,0 +/OH
HPR, + 2 +H —— R,
HJ\H \—oH

R = 'Bu, 'Pr, Cy
Scheme 2.11. Synthesis of dialkylbis(hydroxymethyl)phosphonium chloride salts.?’

Synthesis of dialkylbis(hydroxymethyl)phosphonium chloride salts featuring different
alkyl phosphine functionalities was performed according to the methodology described
in Scheme 2.11, with the products isolated as white solids in good yields (63 —80%).

+ 2 NEt,H
o PN 3
+/ H _  2NEt ; (MeO); _/_\N Ryt 2 H,0

(MeO) NH,+2 R
3 2 2 \_OH R, + 2 HCHO

Scheme 2.12. Attempted synthesis of PCNCP compounds from
dialkylbis(hydroxymethyl)phosphonium chloride salts.?°

The attempted synthesis of compound L14 was then repeated following the
methodology described in Scheme 2.12, where R = 'Bu. After heating at reflux in
methanol for 1 hour, 3P NMR spectroscopic analysis of an aliquot of the reaction
mixture showed the primary product to be L14 (§3!P = +13 ppm) alongside an unknown
impurity (83'P = +41 ppm, singlet) in a ratio of 1:0.6 by integration of the *H-coupled 3'P
NMR spectrum. Consequently, the reaction was again heated at reflux for another hour.
However, a second 3P NMR spectrum of an aliquot of the reaction mixture showed the
concentration of the impurity had not changed significantly relative to the target
product. To try and identify the reason for by-product formation (and to identify this
impurity), the reaction was repeated in stages. Initially  di-iso-
propylbis(hydroxymethyl)phosphonium chloride was reacted with two equivalents of
NEts without (3-aminopropyl)trimethoxysilane present. 31P NMR spectroscopic analysis
of an aliquot of the reaction mixture showed formation of the R,PCH,0H intermediate
(863'P = +20 ppm) along with the unknown impurity (63'P = +41 ppm, singlet) in similar

ratios to those observed between the impurity and product in the previous reaction.
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Due to the water-sensitive and difficult to purify nature of the alkoxysilane group

present the reaction was abandoned and a different synthesis strategy considered.

2.4.4 Synthesis of PCNCP compounds L17: (Ph2PCH;)2N(CH2)sSi(OCH2CH3)3N, L18:
(*‘Bu2PCH2)2N(CH2)3Si(OCH2CH2)sN and L19: (Cy2PCH2)2N(CH2)3Si(OCH2CH:)sN

In order to avoid the issues caused by the combined presence of water and alkoxysilanes
in the attempted synthesis of silica-tetherable PCNCP compounds, ligand designs

incorporating silatrane tethering groups were devised (Figure 2.9).

//\0 _/—\ ~ //\0 _/—\ ~ tBu N//;?\ o~ o
N % J L
O k Ph, ‘Bu, Cy,
L17 L18 L19

Figure 2.9. Structure of silatrane functionalised PCNCP compounds.

The synthesise of silatrane-functionalised PCNCP compounds, L17 — L19, were
performed according to the methodology described in Scheme 2.13. 3P NMR
spectroscopic analysis of aliquots of each crude reaction mixture showed that much
smaller quantities (~10%) of the same phosphorus-containing impurities were produced
relative to when synthesis of their alkoxysilane analogues were attempted (~40%).
Additionally, due to the increased stability of the silatrane-functionalised compounds,
L17 —L19, and their superior physical properties relative to alkoxysilane analogues, they
could be effectively purified by recrystallisation, allowing clean isolation of the

compounds as white solids in moderate yields (52—66%).

toluene //\
o) 0

N//;?‘_/_\NH +2H R2+2)J\M>N WAYS

N 2 H” H N k

Ra

R = Ph, 'Bu, Cy +2H,0

Scheme 2.13. Synthesis of silatrane-functionalised PCNCP compounds.

Single crystals of L17 suitable for XRD analysis, which was performed in Durham by Dr T.

Blundell, were obtained from a solution of DCM/hexane (Figure 2.10). The unit cell of
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the crystal was large, containing 8 molecules of L17, resulting in long refinement cycle
times and therefore the resulting data was not refined to a publishable quality (although
this would be possible with enough computation time). Despite this, the current data is
good enough to show clear connectivity of the compound and calculate angles and
distances albeit with a higher than usual associated error. The structure shows that the
two phosphine fragments sit in a staggered conformation with their lone pairs pointing
in opposite directions. Additionally, the central nitrogen is shown to be in a distorted
tetrahedral geometry with approximate 109.5° bond angles, as is commonly expected
for tertiary amines. This is in contrast to the planar nitrogen geometry observed in PNP
compounds due to P-N multiple bond character, which is obviously removed when a CH;

spacer separates the phosphorus and nitrogen atoms.

Figure 2.10. Molecular structure of L17.

Hydrogens have been omitted for clarity. Selected bond angles / °: N-C 110.9(3), P-N-C
109.6(3), 110.2(3). Selected bond distances / A: P-CH; 1.861(4), 1.859(5); Si-N 2.170(4).

2.5 PCCNCCP ligand design and synthesis

To further increase the chelation bite angle, while maintaining several other structural
features present in the PNP and PCNCP compounds previously detailed in this chapter,
a PCCNCCP backboned ligand target was devised (Figure 2.11). The design maintains the
silica-tethering group and three-carbon alkyl spacer between the chelate ring and

tethering group incorporated into the PNP and PCNCP compounds prepared.

76



(Me0),

PhoP e~ P12
Figure 2.11. Structure of PCCNCCP compound L20.

The synthesis of target compound L20, (Ph,PCH,CH2)2N(CH2)3Si(OMe)s (Figure 2.11) was
attempted using a two-step method. In the first step bis(2-chloroethyl)amine
hydrochloride was reacted with two equivalents of diphenylphosphine in the presence
of two equivalents of potassium tert-butoxide, to form bis(2-
(diphenylphosphino)ethyl)amine hydrochloride according to a literature procedure
(Scheme 2.14).3% After an acid workup the product was isolated as a crystalline white
solid (35% yield).

NN THF Ph Ph, +2
H H H + 2 'BuOH

Scheme 2.14. Synthesis of bis(2-(diphenylphosphino)ethyl)amine hydrochloride.3°

Subsequently, bis(2-(diphenylphosphino)ethyl)amine hydrochloride was reacted with a
stoichiometric quantity of the commercially available (3-chloropropyl)trimethoxysilane.
A base is required to form the amine from the amine salt, which can then react in an Sn2
reaction with the alkyl halide. In this particular system, competing reactions may be
expected, as the phosphine groups present can be quaternised by reaction with alkyl
halides.3! In order to negate this issue, the use of two equivalents of the strong base
"BuLi was used to generate the amide anion (Scheme 2.15). It was envisioned that
reaction of this highly reactive amide would out compete reaction of the phosphines

present.

(MeO), VA

(MeO),
2 BU +2
* HE +2 BuH

PhoPa o~ PPN PhaP e PR,

H H

Scheme 2.15. Synthesis of L20.
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On a small scale (100 mg) test reaction, a solution of bis(2-
(diphenylphosphino)ethyl)amine hydrochloride in THF was treated with 2 equivalents of
"Buli. After stirring for 30 minutes at room temperature the resulting yellow solution
was treated with (3-chloropropyl)trimethoxysilane. After 6 hours, 3'P NMR spectroscopy
of an aliquot of the reaction mixture showed no visible change from the bis(2-
(diphenylphosphino)ethyl)amine hydrochloride starting material. This was to be
expected as the desired reaction takes place several atoms away from the phosphorus
nuclei. However, this did confirm that no phosphonium salt impurities were being
formed during the reaction. *H NMR spectroscopy showed complete consumption of
the starting materials and formation of the product along with an unknown impurity.
Due to the difficulty purifying the air-sensitive viscous oil produced and concerns over
the strong base employed in the reaction being unsuitable for use in the presence of
alkoxysilanes, the reaction was abandoned. One potential method to enable the
synthesis of silica-tetherable PCCNCCP compounds could be to incorporate a silatrane
tethering functionality into the ligand design rather than an alkoxysilane (see Chapter 5

Future work).

2.6 POCCNCCOP ligand design

A method devised for the synthesis of wide bite angle, tetherable phosphites and
phosphinites that has been investigated, is the reaction of commercially available bis(2-
hydroxyethyl)-3-aminopropyltriethoxysilane with two equivalents of a chloro-

phosphine/phosphite in the presence of a base (Scheme 2.16).

R R
HO OH 12 12
3
f +2R, T—HF> + 2 NEt;H
(OEt)3

(OEt),

Scheme 2.16. General synthesis of POCCNCCOP compounds.
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Figure 2.12. Structure of POCCNCCOP target compounds L20 and L21.
Compound L21, ((C12HsO2)PCH,2CH3)2N(CH2)3Si(OMe)s, (Figure 2.12) was designed as a
tetherable phosphite ligand, to enable investigations into the effect of wide bite angle
ligands with electron-poor donor atoms on rhodium-catalysed heterogenised
hydroformylation. In comparison, compound L22, (Ph,PCH,CH;)>N(CH3)sSi(OMe)s will
likely share a similar bite angle, to L22 while featuring more electron-rich phosphine

fragments.

2.6.1 Synthesis of L21: ((C12H3s02)POCH2CH:)2N(CH2)3Si(OMe)s

Synthesis of compound L21, ((C12HsO2)POCH2CH3);N(CH3)3Si(OMe)s, was performed
according to the methodology described in Scheme 2.16 by reaction of bis(2-
hydroxyethyl)-3-aminopropyltriethoxysilane with 2,2’-biphenol phosphochloridite and
triethylamine in acetonitrile solution. After stirring the mixture overnight, the product
was isolated as a pale-yellow viscous oil (28% yield) upon workup and characterised by
H, 13C and 3P NMR spectroscopies. Unfortunately, L21 was found to slowly degrade
over the course of weeks when stored under inert conditions in the glovebox due to

oligomerisation of the compound’s alkoxysilane moieties.

For L21, protection of the alkoxysilane moiety as a silatrane to increase the long-term
stability of the compound would not be possible. This is because neither the bis(2-
hydroxyethyl)-3-aminopropyltriethoxysilane nor L21 are likely to be stable to the basic

conditions required for reaction between alkoxysilanes and triethanolamine.

79



2.6.2 Attempted synthesis of L22: (Ph,POCH2CH2)2N(CH2)sSi(OMe)s

Synthesis of compound L22, (Ph,POCH;CH;)2N(CH3)3Si(OMe)s, was attempted according
to the methodology described in Scheme 2.16 by reaction of bis(2-hydroxyethyl)-3-
aminopropyltriethoxysilane with chlorodiphenylphosphine and triethylamine in
acetonitrile. After stirring the mixture overnight at RT, 3P NMR spectroscopic analysis
of an aliquot of the reaction mixture showed that no reaction had occurred.
Subsequently, the reaction was brought to reflux for one hour. However, this resulted
in decomposition of the PPh,Cl starting material according to 3P NMR spectroscopic
analysis of an aliquot of the reaction mixture. The difference in reactivity observed
between the attempted synthesis of L22 and L21 can be explained by the difference in
electrophilicities between the chlorodiphenylphosphine and 2,2’-biphenol
phosphochloridite start materials. Chlorodiphenylphosphine is much less electrophilic
than 2,2’-biphenol phosphochloridite, which disfavours the reaction with nucleophilic
alcohol groups of bis(2-hydroxyethyl)-3-aminopropyltriethoxysilane. To try and
compensate for this difference in reactivity, the reaction was repeated using LDA as a
stronger base, instead of triethylamine. 31P NMR spectroscopic analysis of the crude
reaction mixture again showed decomposition of the starting materials and so the

reaction was abandoned.

2.7 Synthesis of L5S;: (P(S)Ph2)2N(CH2)sSi(OCH2CH:)3N

Phosphine ligands are by far the most investigated and commercialised ligands in
hydroformylation, but ligands featuring different donor atoms have also been
investigated.32 One example of this are sulfur ligands. As discussed in Section 1.7,
monodentate sulfur ligands have been shown offer greater resistance to rhodium
leaching in immobilised hydroformylation relative to analogous phosphine ligands,
albeit at the expense of poorer activity and selectivity.3®> Few examples of bidentate
sulfur ligands, especially with neutral sulfur donors, have been explored in
hydroformylation. One such example is the chiral sulfur containing BINOL derivative
Me2BINAS (Figure 2.13), which has been shown to provide good activity in the

hydroformylation of styrene.3*
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Figure 2.13. Structure of Me>BiNAS.
As minimising the catalyst leaching of immobilised hydroformylation processes is one of
the key targets of this project, the synthesis of a novel bidentate sulfur ligand capable
of silica immobilisation was desired. It was envisioned that by employing a bidentate
ligand compared to the immobilised monodentate sulfur ligand investigated in the
literature, the resistance to rhodium leaching of the system could be improved further.
To this end, a bidentate sulfur ligand was readily produced by the reaction of L5 with
elemental sulfur to give the compound L5S; (scheme 2.17), following an adapted
literature procedure.3> Modification of the PNP ligand in this way changes the potential
ligand chelate ring size from 4 atoms for PNP-metal coordination to 6 atoms for SPNPS-
metal coordination, increasing the predicted S”S bite angle to be comparable to that of
the PCNCP compounds detailed in Section 2.4. L5S2 was isolated as an air-stable white
solid (79% vyield) allowing for easier handling than the air-sensitive phosphine

compounds that comprise the rest of this chapter.

Ph

/o THF 2
\ Ph \

N\/\O‘, _/_\'}'/ 2 40255, — N/ o— AR

\\/0 ph2 (o} Ph2|§s

L5S,

Scheme 2.17. Synthesis of L5S..

2.8 Chapter 2 summary

In this chapter a variety of compounds that have been designed and synthesised for
application as ligands in immobilised hydroformylation catalysis were discussed. Of
great importance are several fundamental design criteria that were identified and
incorporated into each ligand design. Firstly, each compound was required to be a

diphosphine/diphosphorus sulfide capable of coordinating rhodium(l) in a bidentate
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fashion. In order to undertake a thorough investigation into the effect of the linker
ligand employed in ligand immobilised hydroformylation, systematic tuning of several
parameters, such as phosphine steric and electronic character, PAP bite angle and
tethering group identity was performed. A focus on small bite angle hydroformylation
ligand design was utilised due to the lack of literature exploration in this area combined

with easier access to target compounds through simple synthetic transformations.

Small bite angle PNP compounds L1-5 were produced with different tethering groups to
explore the effect of different silica-immobilisation modes on immobilised
hydroformylation catalysis. L1-3 contain different commonly employed alkoxysilane
linkers, while L4 contains a strained azasilane tethering group and L5 contains a more

chemically robust silatrane functionality for silica immobilisation.

Alongside this, the development of PNP compounds with different phosphine electronic
characteristics was explored. The attempted synthesis of the more electron-rich alkyl
phosphine target L6 resulted instead in the mono-substituted derivative L6X.
Meanwhile, the synthesis of the aminophosphines L7 and L8 was not possible due to
phosphine decomposition during the reaction. The electron-deficient phosphoramidite
L9 was synthesised to allow comparison to the more electron-rich derivative L1. The
phosphoramidite PNP with an alternative azasilane tethering functionality, L10, could
not be isolated due to instability with respect to itself when concentrated to a neat oil.
Due to the unreliable synthesis of L9 and L10, an alternate method for accessing PNP
phosphoramidites was employed, leading to the synthesis of L11, alongside chiral
derivative L12. These compounds both featured the air-stable silatrane tethering
functionality that proved to be an important factor in accessing several of our target
ligand structures once it was identified as a suitable silica-tethering functionality for
phosphine compounds part-way through much of the attempted synthesis in this

chapter.

In order to produce potential ligands with larger bite angles than the PNP compounds
produced, PCNCP targets were explored. The reliability of the synthesis of the
alkoxysilane functionalised PCNCP, such as L13, was again improved by moving to a
silatrane functionalised system, giving rise to compounds L17, L18 and L19. The design

of these three compounds will allow the effect of phosphine sterics on immobilised
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hydroformylation catalysis to be probed when moving from Ph-, 'Bu- and Cy-

functionalised phosphine compounds.

A PCCNCCP scaffold was also targeted resulting in the design of compound L20.
However this compound could not be purified, and its attempted synthesis was
abandoned. In order to further increase the potential ligand bite angle relative to
PCCNCCPs a POCCNCCOP scaffold was devised that resulted in the design of compounds
L21 and L22. The commercially available bis(2-hydroxyethyl)-3-
aminopropyltriethoxysilane was found to react with the electrophilic 2,2’-biphenol
phosphochloridite to produce compound L21, however was not nucleophilic enough to
react with PPh;Cl during the attempted synthesis of L22. Unfortunately, L21 was found
to be unstable with respect to self-condensation of its alkoxysilane functionality over

several months despite being stored under inert conditions in a glovebox.

Finally, compound L5 was reacted with two equivalents of elemental sulfur to produce
the compound L5S; to act as a potential bidentate sulfur donor ligand. This will allow
comparison in performance between phosphine and sulfur donor ligands in immobilised

hydroformylation catalysis, especially in regard to catalyst leaching.
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Chapter 3: Understanding
ligand coordination
behaviour in the
development of oxide-
supported
hydroformylation pre-
catalysts



3.1 Chapter 3 Aims/introduction

In Chapter 2 syntheses of novel compounds targeted as potential ligands for
immobilised hydroformylation were described. Before these potential ligands were
investigated in catalysis, the coordination behaviour and donor characteristics of these
compounds was probed, so that insightful conclusions can be made about their resulting
performance during catalysis. Consequently, in this chapter, assessment of the
electronic character and basicity of the phosphine compounds reported in Chapter 2 via
analysis of |lsep| coupling constants of their corresponding phosphorus selenides is
reported (see Section 3.2). These phosphine basicity studies are complemented by
investigations into phosphine steric demands using %Vour values calculated from
crystallographic data of relevant phosphine complexes (see Section 3.3). Together these
studies will allow for greater understanding of the combined steric and electronic
character of the phosphine compounds reported in Chapter 2. Additionally, the
coordination chemistry of the potential ligands is explored with the hydroformylation-
active metals rhodium, cobalt and palladium, in order to develop pre-catalysts suitable
for use in homogeneous hydroformylation catalysis (or heterogeneous
hydroformylation catalysis after immobilisation of the complexes onto a solid oxide

support; see Chapter 4 for details).

3.2 Characterisation of ligand steric and electronic donor characteristics

3.2.1 Assessing phosphine donor properties: phosphine basicity studies

The electronic character of phosphines is well known to play an important role in the
coordination chemistry of phosphine ligands and subsequent catalyst performance of
phosphine-ligated metal complexes. Therefore, phosphine electronic character is an
important parameter to understand for the novel phosphine compounds discussed in
Chapter 2. Synthesis and characterisation, via 3P NMR spectroscopy, of phosphine
selenides is widely used as a convenient diagnostic tool for assessing the basicity of
corresponding parent phosphines, strongly correlating to phosphine electronic

character (see Section 1.7.1).! This is because the phosphorus selenium bond, which has
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two possible resonances forms (Scheme 3.1), mostly exhibits s character with little m-
contribution. This allows the relative magnitude of s character in the P-Se bond to be
investigated by 3!P NMR spectroscopy. As the nuclear spin % 7’Se isotope is 7.5%
abundant, satellite peaks are readily observed in the 3P NMR spectrum of phosphorus
selenides, allowing a |YJser| coupling constant to be measured. Large |Ysep| coupling
constants are associated with a large degree of s character in the P-Se bond and hence
a weakly Lewis basic phosphine, with non-directional electron density held close to the

nucleus, denoting a poor phosphine ¢ donor.?

+ —
R;p—Se -«——> R;P—Se

Scheme 3.1. Resonance canonical forms of phosphine selenides.*

Phosphorus selenides of all the potential phosphine ligands prepared in the previous
Chapter were synthesised from their parent phosphorus(lll) compounds by reaction
with an excess of elemental selenium (grey) in CD,Cly, (Scheme 3.2). The resulting
mixtures were sonicated until complete conversion to the selenide derivatives was
observed by 3P NMR spectroscopic analysis. In each case, a large excess ~10 equivalents
of selenium was used. The compounds were not isolated as only their |Jsep| coupling

constants were of interest (Table 3.1).

CD,Cl, =Se
+2Se —mm

=Se

Scheme 3.2. Synthesis of diphosphinediselenides.
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Table 3.1. [1sep| coupling constants of phosphine selenides in CD>Cl> at 162 MHz.

Compound type Compound Diselenide & / |Ysep| / Hz
ppm
dppa-type PNP L1(Se)2 +67 786
L2(Se), +67 785
Pha \|}r Pha L3(Se). +67 786
R L4(Se)2 +68 787
L5(Se)2 +67 786
PCNCP L13(Se)2 +24 732
Rzk ) R, L17(Se)2 +26 729
N L18(Se): +67 688
R L19(Se). +46 684
Biphenol phosphite L9(Se): +77 1012
moiety-containing L11(Se)2 +78 1010
PNP < L12(Se). +80 1010
R—P<g < L21(Se)2 +77 1031
Mono phosphine L6X(Se) +87 752
Literature PPhs(Se) +35 732"
examples BISBI(Se)2 +34 738
O +91 1037°
g: ”S—eNMeZ
J

*CDCls solvent used.3*

The data in Table 3.1 shows a wide range in the |YJser| coupling constants of the
phosphine selenides prepared, which depend on the precise phosphorus environment
of each individual compound. These data have been divided into relevant groups to

simplify discussion (orange lines in table). The magnitude of the |YJsep| coupling
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constants measured were compared to the measured literature value for SePPhs, so that
the basicity of the new phosphines could be assessed relative to that of PPhs, an
extensively used ligand in hydroformylation chemistry (along with a representative
literature phosphoramidite).3* Taking PPhs(Se) and BISBI(Se), as hydroformylation
relevant benchmarks, where |YJsep| is 732 Hz and 738 Hz, respectively, the (Ph,P)2N-
containing, dppa-type PNP compounds L1-5, have much larger | YJsep | coupling constants
ranging from 785 — 787 Hz. These larger |Jser| coupling constants relative to PPhs are
to be expected due to the electron withdrawing nitrogen in the PNP fragment reducing
electron density on the phosphorus and hence resulting in a weaker lone pair donor.
The exact values of L1-5 are all very similar suggesting that the structure of the different
tethering groups employed in each compound are too far away from the phosphorus
atoms to influence the electronic character of the phosphine. These values agree with

other |ser| coupling constants for (Ph2P{Se}).N- compounds in the literature.>®

As expected, the PCNCP diselenides are more basic than their PNP analogues due to the
electron donating CH, fragment directly attached to the phosphorus atom that
separates the phosphorus from the electron-withdrawing nitrogen atom. Compounds
L13 and L17 have |YJser| coupling constants of 732 and 729 Hz, respectively, values
comparable to that of SePPhs, suggesting that the -CH.N- fragment has a similar effect
as a phenyl group on phosphine electronic character. Compounds L18 and L19 proved
to be the most Lewis basic phosphines investigated and hence the strongest o-donors,
with |Ysep| coupling constants of 688 and 684 Hz, respectively, for the corresponding
diselenides. These small | Jsep| coupling constants are due to the compounds containing
electron-donating alkyl fragments directly bound to the phosphorus atom, increasing
phosphine basicity. The |Jser| coupling constants of the PCNCP compounds show good

agreement with those of similar compounds reported in the literature.”?

The phosphite and phosphoramidite compounds, containing biphenolphosphite
moieties, show large |YJsep| coupling constants of over 1000 Hz for their corresponding
diselenides due to the electron withdrawing nature of the oxygen substituents directly
bonded to the phosphorus atoms, resulting in weak o-donor character. Finally, the
| Yser| coupling constant of the mono-phosphine selenide L6X(Se) was measured to be

752 Hz, suggesting the electron withdrawing P-N bond counteracts the electron
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donating 'Pr,- fragments, resulting in a slightly weaker o-donating parent phosphine

than PPhs.

In the context of immobilised hydroformylation catalysis, which constitutes the
overarching goal of this project, the wide variety in Lewis basicity of the phosphines
produced will allow for important insights during catalysis to be made. As discussed in
Section 1.6, in traditional homogeneous hydroformylation processes, poor o-donor
phosphite-containing complexes often give rise to highly active catalysts due to the
faster CO dissociation associated with electron-poor metal centres.’ Meanwhile, more
electron-rich catalysts containing strongly o-donating alkyl phosphines are generally less
active, but display enhanced stability relative to more electron-poor catalysts. Catalyst
activity and stability are two of the major challenges that need to be overcome to allow
for financially viable immobilised catalyst heterogeneous hydroformylation processes.*?
As such, determining whether these issues can be addressed by tuning the phosphine

electronic character of immobilised hydroformylation catalysts is of great interest.

3.2.2 Quantifying the steric bulk of tetherable phosphine compounds

Alongside phosphine electronic character, the steric bulk of phosphine ligands has a
significant effect on hydroformylation catalyst performance, often playing a particularly
important role in catalyst selectivity for linear/branched aldehydes. As discussed in
Section 1.7.2, the Tolman cone angle, 6, is an important parameter for assessing the
steric bulk of monodentate phosphine ligands.!* However, application of this model
becomes challenging for bidentate and asymmetric ligands, which has resulted in the
development of several other methods for assessing ligand steric bulk.? One example
of an alternative approach for assessing the steric demand of multidentate systems is
the “Percent Buried Volume” (%Vuu.r) approach (Figure 3.1).33 %V, values can be
calculated using the freely available SambVca 2.1 web tool that has been successfully
applied to mono- and bi-dentate phosphines, as well as asymmetrical ligands, such as
N-heterocyclic carbenes, which it was originally designed for.'3'# The value %Vpur is
defined as “the percentage of the total volume of a sphere occupied by a ligand at a
fixed metal-ligand bond distance” and can be calculated from crystallographic or

computational data containing the relevant ligand. A greater value of %Vyur corresponds
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to additional space around a metal centre being occupied, as a result of increased ligand
steric bulk. Values of %Vp.r have been shown by Nolan et al. to correlate well with the
Tolman cone angle calculated for a series of AuCI(PR3) complexes at a fixed M-P distance
of 2.0 A, suggesting that %Vp. is a practical and reliable method of quantifying the steric
bulk of phosphines.'* In addition to the %Vu.r calculations, the SambVca 2.1 software
can be used to produce “steric maps” of a ligand coordinated to a metal, providing a
visual method for considering the available space around a metal centre, which may
have important connotations for coordination chemistry and behaviour of the metal

complex.

Figure 3.1. Left: Tertiary phosphine Percentage Buried VVolume determination,
assuming a fixed M-P distance of 2.0 A and sphere radius of 3.5 A.12 Right: example

steric map produced using SambVca 2.1 software of a bidentate phosphine.*?

The SambVca 2.1 web tool was used to calculate %Vpur values for a selection of the
phosphine compounds synthesised in this work, with the relevant data reported in Table
3.2 in ascending order of magnitude of %Vu.r. The values for each ligand displayed in
Table 3.2 were calculated from crystallographic data of [PdI2(PAP)] compounds
containing the relevant ligand, apart from L5S;, where crystallographic data of
[Rh(COD)(k2-S,S-L5S,)]BF4 was used. The similar ionic radii of Rh* and Pd?* and the same
square planar geometry in the PdIy(P*P) and [Rh(COD)(kz-S,S-L5S;)]BF2 complexes
means that the %Vuur of the ligands in these complexes can be compared.'® To assess
the validity of this comparison, the value of %Vuur for L5 was also calculated using
crystallographic data of a square planar rhodium complex, [Rh(kz2-P,P-L5):]BF4

(%Vbur = 44%), which showed good agreement with the value calculated for PdIx(L5)
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(%Vbur = 45%). Determination of %V, for a literature example of a commonly used
ligand in industrial homogeneous hydroformylation applications was also desired to
enable comparison of our ligands to a standard benchmark. To this end, PPhs was
selected and analysed, using the crystallographic data for Pdl>(PPhs), taken from the

CCDC (refcode: GODGIP) to generate the steric map and value of %Vpur.'®

All the novel ligands featured in Table 2 contain the silatrane tethering functionality. The
identity of the tethering functionality is likely to have no effect on the values of %Vpur
calculated since they are far removed from the metal centre, certainly at a greater

distance than the 3.5 A radius sphere considered in the calculation.

Table 3.2. %Vpurvalues of bidentate tetherable phosphines coordinated to Pdl,.

Ligand %Vbur Ligand %Vbur

L11 38 L12 38

L5S; 39° L5 45 (447)
/D Ph, /o
NPosi— s NJo- _/_\'T‘ P
\\/O' phz'\\s o Ph,
L17 54 L19 57
/o 0
N/ o-: N PPh, N /o-: N> Pey,
¢ L o L
Ph, Cy,
L18 60 2 x PPh3 5716

*values calculated from crystallographic data of [Rh(COD)(k2-S,5-L5S2)1BFsand [Rh(k2-P,P-L5)2]BFa.
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The results of the %Vyur calculations listed in Table 3.2 show that the phosphoramidite
ligands L12 and L11, alongside the sulfur ligand L5S,, have the smallest buried %Vyur
values of 38 — 39%. This is due to the steric bulk of the aryl groups of these ligands
residing far away from the metal centre and thus having a relatively small effect on the

magnitude of the %Vp.r.

As expected, increasing the ligand bite angle from 70 to 90° from L5 to L17 results in an
increase to the %Vpur, with the %Vpur value rising from 45 to 54%. Additionally, changing
the R groups on the phosphine has an effect on the %Vp.r value of the ligand, with the
sterically hindered di-tertbutyl phosphine, L18, showing the largest %V of the ligands

investigated in this study, with a value of 60%.

Alongside the %Vbuur calculations, steric maps were produced for each of the ligands
featured in Table 3.2 (Figure 3.2). For the various ligands studied, the steric maps show
a general increase in proximity of the ligand to the metal centre as %Vpur increases.
However, despite L18 having just a three percent greater %Vy,r than the dicyclohexyl
analogue, L19, the steric map shows a large increase in proximity of the ligand to the
metal centre. Together this shows that both the %Vuur and steric map are important to
consider when analysing the steric contribution of a ligand around a metal centre, as the
%Vbur gives an overall proportion of the metal centre enclosed by a ligand, whereas the

steric map gives topological insight into steric environment of the metal centre.
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Figure 3.2. Steric maps obtained for diphosphine ligands when coordinated to Pdl;
where (PAP) = A: L12, B: L11, C: L5S, ([Rh(COD)(k?-S,S-L5S, ]BF4), D: L5, E: L17, F: L19,
G: L18, H: PPhs.
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3.2.3 Plot of phosphine %Vpyragainst | Ysep| coupling constants

When assessing the performance of phosphine ligands in homogenous catalysis, a
complex combination of steric and electronic factors are often required to rationalise
the performance of a specific phosphine-containing catalyst.!” As a result, 2D and 3D
maps combining various calculated ligand parameters have become useful tools for
analysing homogeneous catalysts, aiding in catalyst optimisation, screening and
exploration.'® This approach has been successfully employed for hydroformylation
catalysis, leading to the design of a new class of stable, electron-deficient

fluorophosphine ligands, for example.®®

Although computational methods are currently the major focus of the literature in this
area to produce more sophisticated ‘maps’ of chemical space combining multiple
different chemical parameters, in this work a simple two-parameter study was
performed.?® To this end, the values of the | ser| coupling constants determined for the
phosphine selenides (a proxy for the electronic character of the phosphine) were plotted
against the corresponding %V, values determined for the parent phosphines
(phosphine steric character) to produce a ‘map’ of combined phosphine steric-electronic
character to enable facile comparison of the ligands produced (Figure 3.3). The plot
shows that the PCNCP ligands synthesised are generally more sterically bulky and
electron rich relative to 2 x PPhs, while the PNP ligands are less sterically bulky and
electron rich, particularly the phosphoramidite PNPs L11 and L12. This map also clearly
shows phosphine steric-electronic ‘space’ that has not been investigated in this work,
for example large |Jsep|, large %Vour (see future work). However, this is largely due to
the difficulties encountered when trying to prepare more sterically hindered PNP
ligands, as discussed in Chapter 2. From Figure 3.3 it can be predicted that the
industrially relevant PPhs is likely to behave most similarly to L17 due to their similar
steric and electronic characters, which will be useful to verify during subsequent catalyst

testing (see Section 5.3).
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Figure 3.3. Plot contrasting steric and electronic characteristics of the various PAP
ligands prepared as a part of this thesis, as assessed from determination of [Jsep|
coupling constants for their corresponding selenides and of %Vuurvalues. Red crosses
denote PCNCP, blue crosses denote PNP ligand backbones and the green cross

represents 2 x PPhs.

3.3 Coordination studies of (PPh2)2N(CH2)3Si(OMe)s, (PPh2)2N(CH2)3Si(OCH2CH2)3N,
((C12H302)P)2N(CH2)3Si(OMe)s, ((C12Hs02)P)2N(CH2)sSi(OCH.CH:)sN,
((C20H1202)P)2N(CH2)3Si(OCH2CH3)sN, (Ph2PCH2)2N(CH.)3Si(OMe)s,
(Ph2PCH2)2N(CH2)3Si(OCH2CH3)3N, (*Bu2PCH2)2N(CH3)3Si(OCH2CH2)sN,
(Cy2PCH2)2N(CH2)3Si(OCH2CH;)sN, ((C12H302)POCH2CH2)2N(CH2)3Si(0OMe)s,
(PPh2)2NCH2CH2CH>CH3s and (P(S)Ph2)2N(CH2)3Si(OCH2CH)3N with rhodium(l)
Following on from the design, synthesis and subsequent characterisation of the
developed tetherable phosphines, the coordination chemistry of these potential ligands
with hydroformylation-active metals was explored, with the aim of producing suitable
hydroformylation pre-catalysts. As the intended final application of this work is in
immobilised hydroformylation catalysis, which brings additional challenges in terms of
catalyst synthesis and characterisation, a thorough understanding the solution-state
chemistry of these complexes before immobilisation was required. This would ensure
greater confidence in the identity of the likely active catalyst species generated under

hydroformylation reaction conditions (namely a pressure of syngas) for homogeneous

and heterogeneous catalysis. As rhodium is widely accepted as the most effective metal
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for the vast majority of hydroformylation applications, rhodium complexes formed the
primary focus for the coordination chemistry detailed in this Chapter, in conjunction

with supplementary work on cobalt and palladium.?!

3.3.1 Literature Rh(acac)(P*P) complex syntheses

The vast majority of literature pertaining to rhodium-catalysed hydroformylation with
bidentate phosphine ligands focuses on formation of the catalytically-active rhodium
species in situ in the vessel in which catalysis is undertaken. A general example is given
in Scheme 3.3.22
H, /CO
Rh(acac)(CO), + PAP —— > HRh(P*P)(CO), + acacH
toluene
Scheme 3.3. Generic example of in situ formation of active rhodium hydroformylation

catalysts.

However, this “in situ” approach has disadvantages for the synthesis of immobilised
hydroformylation catalysts via tetherable ligands, as the catalyst immobilisation step
also has to be considered during catalyst formation, providing additional uncertainty
into the exact catalyst species generated in the reaction. Therefore, initial isolation and
characterisation of well-defined d® square planar Rh(acac)(P”P) catalyst precursors prior
to immobilisation and subsequent catalyst testing was desired for this work (Scheme
3.4). Isolation of such a rhodium phosphine catalyst precursor has several benefits.
Firstly, this catalyst precursor can be fully characterised in solution (and purified if
necessary). This is important for immobilised catalysts, as once they are attached to a
solid support characterisation (and purification) becomes much more difficult. Secondly,
immobilisation of the pre-formed rhodium complex can then be investigated alongside
immobilisation of free ligand followed by complexation, to assess the most effective
overall immobilisation method for heterogenised catalyst synthesis, Scheme 3.5 (See

Chapter 4 for more details).
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toluene H,/CO
Rh(acac)(CO), + PAP ————— Rh(acac)(P"P) + 2 CO I—> HRh(P~P)(CO), + acacH
toluene

catalyst precursor active catalyst
Scheme 3.4. Rh(acac)(P”P) catalyst precursor synthesis and subsequent active

hydroformylation catalyst formation.

silica [ OH toluene  ilica OH toluene silica [ OH
L support OH +X support 0 ( support o C -~ Rh(acac)
PPOTtL_on PP OH Rh(acac)(co), *PP°" I —oH

+2CO
+ HX

support
+2CO 2 +HX

toluene toluene silica OH
2. Rh(acac)(CO), + PAP —— Rh(acac)(P'\P) — 0—< ~ Rh(acac)
o] OH
Scheme 3.5. 1. Immobilised hydroformylation catalyst precursor synthesis via
phosphine immobilisation followed by rhodium complexation. 2. Immobilised
hydroformylation catalyst precursor synthesis via rhodium complexation followed by

phosphine immobilisation.

3.3.2 Reactions of (Ph2P)2NCH>CH>CH,CHs: L23, with Rh(acac)(CO).

The few examples of Rh(acac)(P*P) synthesis and isolation that appear in the literature
employ a variety of different reaction conditions to produce the desired complexes.
These include different reaction temperatures ranging from —78 to 110 °C, various
solvents, different addition methods of the reactants (e.g., fast or dropwise addition of
ligand to metal or metal to ligand), and different rhodium sources.?>=%° In order to probe
the reactivity of a small bite angle phosphine ligand with Rh(acac)(CO),, a simple dppa-
type ligand (Ph2P)2NCH,CH,CH2CH3s, L23, was selected. Following an adapted literature
procedure, L23 was reacted one equivalent of Rh(acac)(CO), in THF at room
temperature (Scheme 3.6).

v P2 THE
Rh(acac)(CO), + | — > Rh(acac)(L23) + [Rh(L23),]acac + 2 CO

L23

Scheme 3.6. Reaction of Rh(acac)(CO); with L23.
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Unexpectedly, 3P NMR spectroscopic analysis of an aliquot of reaction mixture
indicated that a mixture of two rhodium-containing products had formed in an
approximately 2:1 ratio, corresponding to the desired product; Rh(acac)(L23), and
[Rh(L23);]acac, respectively. The identity of the side product as [Rh(L23).]acac was
confirmed by a second reaction where two equivalents of L23 were reacted with
Rh(acac)(CO); under the same reaction conditions as the analogous stoichiometric
reaction (Scheme 3.7).
Rh(acac)(CO), + 2 '}l/ e _THF [Rh(L23),]acac + 2 CO

L23

Scheme 3.7. Synthesis of Rh(L23).]acac.

31p NMR spectroscopic analysis of the reaction mixture showed a single doublet in the
NMR spectrum at +67 ppm (Yrnp = 120 Hz), in agreement with the side product in the
NMR spectrum of the 1:1 reaction. This NMR splitting pattern suggests that all four
phosphorus atoms are equivalent and coupling to the 13Rh nuclei. This is consistent with
this product being the salt [Rh(L23);]acac. This assignment is further supported by the
120 Hz Jrne coupling constant, which is diagnostic of bis(bidentate) chelating phosphine
coordination at a Rh' centre.?%2” The 'H and '3C NMR spectra obtained were also

consistent with the proposed composition of [Rh(L23),]acac.

3.3.3 Rh(acac)(L23) synthesis optimisation

In order to develop a synthesis strategy to selectively produce Rh(acac)(L23), a series of
reactions were undertaken in which Rh(acac)(CO), starting material was replaced by
Rh(acac)(COD). This latter COD complex was synthesised following a literature
procedure (Scheme 3.8).28 It was of interest to explore whether changing the rhodium
precursor would change the selectivity towards Rh(acac)(L23), whilst also allowing this
phosphine coordination study to be performed using a more convenient rhodium

precursor that does not liberate toxic CO gas upon reaction.
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pet. ether
Rh(acac)(CO), + COD — > Rh(acac)(COD) + 2 CO

Scheme 3.8. Synthesis of Rh(acac)(COD).%®

Further attempted syntheses of Rh(acac)(L23) using Rh(acac)(COD) as the starting
material (Scheme 3.9) showed a small increase in selectivity for Rh(acac)(L23), of <10%
relative to when Rh(acac)(CO), was used as the rhodium precursor. However, this
observation cannot be fully attributed to the change in rhodium precursor, as several
other variables, such as the volume of solvent and the rate of addition of L23 to the
rhodium precursor were not controlled during these reactions. Meanwhile, an
investigation into the effect of the reaction solvent on the selectivity of Rh(acac)(L23)

formation showed no observable change when THF, toluene or DCM were employed.

THF
Rh(acac)(COD) + L23 — > Rh(acac)(L23) + COD

Scheme 3.9. Attempted synthesis of Rh(acac)(L23) from Rh(acac)(COD).

A 3P NMR study into the effect of temperature on the reaction of L23 with
Rh(acac)(COD) was conducted (Figure 3.4, Table 3.3). The results of this study showed
that a large increase in selectivity for Rh(acac)(L23) was observed when addition of
ligand to metal was performed in a dropwise manner at —78 °C, before slowly allowing
the reaction mixture to warm up to room temperature. Conversely, attempts to perform
the reaction at elevated temperatures resulted in 3P NMR spectra that were too
complicated to be interpreted, indicating complete decomposition of the phosphine-
containing components. These results show that reduced temperatures and low local
concentrations of L23 relative to Rh(acac)(COD) during complexation improve selectivity
towards Rh(acac)(L23), up to a maximum observed selectivity of 92%. Unfortunately, a
method to further improve the selectivity of Rh(acac)(L23) formation up to 100% could
not be identified. Additionally, attempts to purify the Rh(acac)(L23) produced by

washing or recrystallisation were unsuccessful.
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68 67 66 65 64 63 62 61 60
&/ ppm
Figure 3.4. 3'P{*H} NMR spectroscopic analysis (162 MHz, 295 K) of red: [Rh(L23);]acac
(in CDCl3), green: Rh(acac)(L23) produced at r.t. (in THF-ds) and blue: Rh(acac)(L23)
produced at —78 °C with dropwise addition of ligand L23 to Rh(acac)(COD) (in THF,

31p{IH} unlocked experiment).

Table 3.3. The effect of reaction temperature on the product distribution of the reaction

of Rh(acac)(COD) with L23 in THF determined by 3P NMR spectroscopic analysis.

Reaction

temperature / °C

Rh(acac)(L23)

selectivity / %

[Rh(L23);]acac

selectivity / %

20 66 33

—78°C 92 8
45 0 0
20° 0 100

“two equivalents of L23.
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3.3.4 Coordination studies of (PPh2)2N(CH2)3Si(OMe)s, (PPh2)2N(CH2)3Si(OCH2CH2):N,
(P(C12H302))2N(CH2)3Si(OMe)s, (Ph2PCH;);N(CH.)3Si(OMe)s and
((C12H302)POCH2CH;)>N(CH3)3Si(OMe)s, with rhodium(acac)(COD)

In order to assess the effect of ligand structure on the synthesis of Rh(acac)(P”P)
complexes, a selection of tetherable bidentate phosphines were reacted with
Rh(acac)(COD) and Rh(acac)(CO), (Scheme 3.10). Ligands L1, L9, L13, L21 (Figure 3.5)
were chosen for these reactions due to their differing phosphine electronic characters
and bite angles, which could affect their coordination chemistry with rhodium(l)

precursors.

THF
Rh(acac)(CO), + AP —— Rh(acac)(P*P) +2 CO

AP=11,19,L13and L21

Scheme 3.10. Attempted synthesis of some silica-tetherable Rh(acac)(P*P) complexes.

N,
Ph, / 0
(MeO) —/_\N/ 0"
3 | o)
Ph,
4 g

L9
o< /0\/\N/\/o\ .0
_/_\ ~
(MeO),
(OEt
L13
L21

Figure 3.5. Structures of tether-modified P/P ligands L1, L9, L13 and L21.

When L1, L9, L13 and L21 were reacted with Rh(acac)(COD) or Rh(acac)(CO), at room

temperature, a mixture of Rh(acac)(P”P) and [Rh(P"P);]acac complexes were formed in
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an approximately 2:1 ratio. This showed good agreement with the reactivity observed

when L23 was employed as the bidentate phosphine ligand (See section 3.3.2)

The reactions of L1, L9, L13 and L21 with Rh(acac)(COD) were repeated using the
optimised reaction conditions devised for L23 (see Section 3.3.3), namely THF solvent
and dropwise addition of ligand to metal —78 °C before slowly warming to room
temperature (Scheme 3.11). Using this approach led to increased selectivities to the
desired Rh(acac)(P*P) complexes of =90%, as determined by 3P NMR spectroscopic
analysis in each case. Attempts to further improve selectivity were unsuccessful,
however. An additional difficulty observed with these rhodium complexes was their low
stability. Despite handling the complexes under an inert nitrogen atmosphere in
rigorously dried and degassed solvents, oxidised phosphines were repeatedly observed
in 3P NMR spectra recorded after an hour, making work up and purification of these
compounds challenging. As these Rh(acac)(P"P) complexes, where PAP = L1, L9, L13 or
L21 could not be obtained pure, they are not suitable for use as catalysts, especially
when another reaction would be required to immobilise them onto a silica support to

produce a heterogenous catalyst.

THF
Rh(acac)(COD) + pAp —— > Rh(acac)(P*P) + COD
-78 °C
dropwise
ligand
addition

= 90% selectivity

Scheme 3.11. Optimised synthesis conditions of Rh(acac)(P/P).

3.3.5 Synthesis of Rh(acac)(L19)

In contrast to the observed reactivity of L1, L9, L13, L21 and L23 with Rh(acac)(CO),, the
reaction between L19 and Rh(acac)(CO),, proceeded cleanly at room temperature to
produce the target complex Rh(acac)(L19) (Scheme 3.12). L19 is more sterically bulky
and electron-rich than the other ligands L1, L9, L13, L21 and L23 that were reacted with
Rh(acac)(CO); in this work, which could affect its coordination chemistry with

rhodium(l). However, dppa-type and other less electron rich and less sterically hindered
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ligands have been shown to selectively produce Rh(acac)(P*P) complexes in the

literature, so the reason for this differing reactivity remains unclear.?*

/o N Cy

NSosi— Ny THE [ NO o~ /P 0=

\\/O' L 2 + Rh(acac)(CO), —— \;/:00, N\/ ’Rh‘O"’>
Cy, Cy,

L19
+2CO

Scheme 3.12. Synthesis of Rh(acac)(L19).

3.3.6 Attempted synthesis of Rh(acac)(BISBI)

In order to contextualise the difficulties found with the preparation of well-defined
rhodium hydroformylation catalyst precursors containing L1, L9, L13 and L21, the
synthesis of Rh(acac)(BISBI) was investigated (Scheme 3.13). As discussed in Section
1.10, the diphosphine BISBI, 2,2'-bis(diphenylphosphinomethyl)-1,1'-biphenyl), has
been successfully used as a ligand in industrial rhodium-catalysed hydroformylation
processes, which show high activity and selectivity.?®3° However, in these industrial
processes, the proposed active rhodium/BISBI complex, HRh(BISBI)(CO),, is formed in
situ under operating conditions (i.e. in presence of syn gas) without isolation of a
rhodium-BISBI complex being performed.?®3! The identity of the active catalyst species

as HRh(BISBI)(CO)z has recently been validated computationally.3!

(Jm o

Rh(acac)(COD) + —— > Rh(acac)(BISBI) + COD
-78 °C
Ph,
dropwise
ligand
BISBI addition

Scheme 3.13. Attempted synthesis of Rh(acac)(BISBI).

Attempted synthesis of Rh(acac)(BISBI) from the reaction of Rh(acac)(COD) and BISBI
(dropwise addition of ligand to metal at —78 °C in THF before slowly warming to room
temperature) resulted in a similar product distribution to that found when the ligands

L1, L9, L13 and L21 were used under identical reactions conditions. This suggests that
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both Rh(acac)(BISBI) and [Rh(BISBI);]acac, may be able to be converted to the active
catalyst HRh(BISBI)(CO); under hydroformylation reaction conditions. This agrees with
the work of van Leeuwen, who showed that [Rh(P”P),]* cations, where PAP is (S,S)-2,4-
bis(diphenylphosphino)pentane, can be converted to HRh(PAP)(CO), species that are
active hydroformylation catalysts when pressurised under an atmosphere of syngas
(Scheme 3.14).32 Additionally, active hydroformylation catalysts have previously been
reported to form under syngas from both Rh(acac)(dppe) and [Rh(dppe):]acac,
suggesting that different phosphine ligand stoichiometries in the catalyst precursor are
tolerated, although the nature of the resulting hydroformylation-active species may be

different.33

LM
( Rh-—
7 |
Cco
H oc H
10 bar H, | 10 bar CO 2h P
C “Rh ) X —— 5 ( Rh—P o —— » Rh-
7S 7 | 7|
) Por=20bar oc’t )
syngas —

Scheme 3.14. Conversion of [Rh(P7P);]X to HRh(PAP)(CO); under syngas, where X" is
MeO~ and PAP is (S,S)-2,4-bis(diphenylphosphino)pentane, adapted from van Leeuwen

et al.3?

3.3.7 [Rh(P~P);]acac complex syntheses

Synthesis of [Rh(P"P);]acac complexes for use as hydroformylation catalyst precursors
was investigated by the reaction of Rh(acac)(CO), with two equivalents of the desired

diphosphines in THF at room temperature (Scheme 3.15).

THF
Rh(acac)(CO), + 2 PAP ———— [Rh(P"P),]acac + 2 CO

Scheme 3.15. General synthesis of [Rh(P"P);]Jacac complexes.
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The reaction of L5 with Rh(acac)(CO); following the methodology described in Scheme
3.15 resulted in the successful synthesis of [Rh(L5):]acac. 3'P{*H} NMR spectroscopic
analysis of the isolated complex showed a single doublet at 66 ppm (Yrne = 119 Hz), in
good agreement with the data obtained for [Rh(L23);]acac and that of other square
planar bis(bidentate) phosphine coordination of Rh' in the literautre.?®?” Following
attempted recrystallisation of a sample of [Rh(L5).]acac from DCM/hexane, crystals of
[Rh(L5)2]Cl were instead isolated. These crystals were suitable for XRD analysis, which
was performed in Durham by Dr T. Blundell, confirming the identity of the cation (Figure
3.6). The CI"in the crystals is likely to have originated from the DCM solvent used for the
recrystallisation, as this was the only source of chlorine that came into contact with the

sample of [Rh(L5);]acac.

Figure 3.6. Molecular structure of [Rh(L5)2]Cl. Hydrogens omitted for clarity. Selected
bond lengths / A: Rh-P 2.275(2), 2.278(2), 2.274(2), 2.271(2); P-N 1.700(5), 1.703(5),
1.700(7), 1.709(6); Selected bond angles / °: P-Rh-P 70.10(6), 70.10(6); P-N-P 100.4(3),
99.9(3).

Attempted synthesis of the corresponding [Rh(P”P).]acac complexes with PCNCP ligands
L17 and L18, using the methodology shown in Scheme 3.15 resulted in a mixture of
products, including the mono-substituted Rh(P~P)(acac) complexes (as evidenced by 3P
NMR spectroscopy). As complete conversion to the [Rh(P~P);]acac complexes was not
achieved, unreacted phosphine remained in the reaction mixture despite prolonged

reaction times of up to 72 hours (Scheme 3.16).
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THF
2 Rh(acac)(CO), + 4 PAP ————— [Rh(P~P),][acac] + Rh(acac)(PAP) + PAP + 4 CO
Scheme 3.16. Attempted synthesis of [Rh(P”P)2]Jacac complexes with PCNCP ligands L17
and L18.

3.3.8 Syntheses of [Rh(P~P);]BFs complexes

[Rh(COD);]BF4 was investigated as an alternative rhodium source to Rh(acac)(CO); for
the synthesis of [Rh(P~P)]*-containing hydroformylation catalyst precursors. This has the
advantage of utilising BF4~ as a well-established non-coordinating counter ion that is
unlikely to interfere with any ligand exchange reactions taking place at the metal centre,
unlike acac™, which can also act as a coordinating ligand.?” Synthesis of [Rh(COD),]BF4
was performed in two steps from RhCls via [RhCI(COD)]; following literature procedures

(Scheme 3.17).27:34

EtOH
2 RhCl; +2 COD + 2 EtOH — > [RhCI(COD)], + 2 CH;CHO +4 H

DCM
[RhCI(COD)], + 2 COD + 2 4 —————> 2[Rh(COD),]BF, +2

Scheme 3.17. Synthesis of [Rh(COD),]BF4 from RhCl3.27:3*

Preliminary studies suggested that the reaction of [Rh(COD),]BFs with PNP and PCNCP
disphosphines proceeded selectively towards [Rh(P”P),]BFs complexes regardless of
whether one or two equivalents of diphosphine was added. Therefore, the synthesis of
catalyst precursor [Rh(P”P)2]BF4 complexes was performed by reacting two equivalents
of diphosphines L5, L11, L12 and L17 with [Rh(COD);]BF4 in THF at room temperature
(Scheme 3.18).

THF
[Rh(COD),]EF, + 2 PAP ————— [Rh(PAP),]EF, +2 COD

Scheme 3.18. Synthesis of [Rh(P/P);]BF4, where PAP is L5, L11, L12, and L17.

Recrystallisation of [Rh(L5)2]BF4 from CDCls/hexane produced single crystals suitable for

XRD analysis, which was performed in Durham by Dr T. Blundell. The molecular structure
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obtained was heavily disordered, including partial oxidation (~10%) of the Rh' centre to
Rh'" as [RhCly(L5),]* (Figure 3.7). The chloride present in the molecular structure is likely
to have come from the CDCl; solvent during crystallisation. 3P NMR spectroscopic
analysis showed [Rh(L5).2]BF4 as the only phosphorus-containing species, suggesting that
incorporation of chloride into [Rh(L5)2]BF4 incorporation may be limited to individual
crystals rather than a bulk reaction. For phosphoramidite-containing complexes
[Rh(L11):]BFsand [Rh(L12)2]BF4 however, complete decomposition of the compounds in
CDCl3 was observed in the time taken to run a 3!P NMR experiment. This suggests that
the electron-withdrawing nature of the phosphoramidite ligands L11 and L12 relative to
that of the phosphine derivatives L5 and L17, increases susceptibility of [Rh(P”P);]BF4

complexes to side reaction with chlorinated solvents. Attempts to grow crystals of

[Rh(P~P);]BF4 complexes from non-chlorinated solvents proved unsuccessful.

Figure 3.7. Molecular structure of [Rh(L5)2]BF4 showing partial occupancy of Cl.
Hydrogen atoms, 3 CDCl3 solvent molecules and alkyl chain disorder omitted for clarity.
Selected bond lengths / A: Rh-P 2.283(1), 2.287(1), 2.276(1), 2.279(1); P-N 1.694(4),
1.699(3), 1.692(3), 1.702(4); Selected bond angles / °: P-Rh-P 70.23(4), 70.06(4); P-N-P
100.4(2), 101.5(2).
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3.3.9 Synthesis of [Rh(L19)(COD)]BF4

Contrary to the reactivity of diphosphine ligands with [Rh(COD),]BF4 described in Section
3.3.8, ligand L19 reacts with [Rh(cod).]BF4 to selectively produce [Rh(L19)(COD)]BF4,
even when multiple equivalents of ligand L19 are employed (Scheme 3.19). This
reactivity is consistent with that observed for L19 with Rh(acac)(CO),;, where
Rh(L19)(acac) selectively formed and no bis(diphosphine) species were observed. The
origin of the different reactivity of L19 with rhodium(l) complexes relative to that of L5,
L11,L12,and L17 is not well understood, but possibly due to the unique phosphine steric

and electronic character of L19, as discussed in Section 3.3.2.

/o
) /_
N\\i\j‘; _/_\"(\ CY2 + [Rh(COD),]5F, L Nr\ /_\_ -
? Cy, \/0 \_/ \
L19 vz

Scheme 3.19. Synthesis of [Rh(L19)(COD)]BFa.

Recrystallisation of [Rh(L19)(COD)]BF4 from PhCl/petroleum ether resulted in crystals
suitable for XRD analysis, which was performed in Durham by Dr T. Blundell (Figure 3.8).
The molecular structure of [Rh(L19)(COD)]BF4 shows a P-Rh-P bite angle of 91.56(2)° and
P-Rh bond length of 2.3115(6) A, in good agreement with other PCNCP metal
coordination in the literature (for rhodium(l) and palladium(ll) complexes).3>37
Additionally, the average COD C=C bond length of 1.380(3) A and Rh-C bond length of

2.226(2) A fall within an expected range for COD coordinated to a rhodium(l) centre.38

N(/\:S\ /_\— /_ .
\/0/ \_/ \

,L

13 ‘l§,5|

Figure 3.8. Molecular structure of [Rh(L19)(COD)]BF4 showing partial occupancy of Cl.
Hydrogens, 3 CDClz solvent molecules and alkyl chain disorder omitted for clarity.
Selected bond lengths / A: Rh-P 2.2992(5), 2.3236(6); Rh-C 2.240(2), 2.185(2), 2.204(2),
2.273(2); C=C 1.377(3), 1.382(3); selected bond angles / °: P-Rh-P 91.56(2).
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3.3.10 Synthesis of [Rh(L5S2)(COD)]BFs4

While parent phosphine, L5, reacts with [Rh(COD);]BF4 displacing both equivalents of
COD to produce [Rh(L5)2]BF4 (See Section 3.3.8), diphosphine disulfide, L5S;, was found
to react with [Rh(COD).]BFs, following an adapted literature procedure, to produce
selectively [Rh(L5S2)(COD)]BFs (Scheme 3.20).3° The 3'P{'H} NMR spectra of
[Rh(L5S2)(COD)]BF4in solution shows a doublet at +66 ppm (%Jrnp = 4.2 Hz), relative to

the free ligand at +69 ppm.

Ph,
//\0 Ph, THF o /_\_ y =, S
\ ’.\ R
N\/\o—: —/_\l?l/ N5 + [Rh(cOD), 57, ——>=N 0— N Rh .
e, Ny J V—d N\
Ph,

Scheme 3.20. Synthesis of [Rh(L5S2)(COD)]BFa.

Crystals of [Rh(L5S2)(COD)]BF4 suitable for XRD analysis were obtained from a solution
of CDCl; layered with hexane; crystallography was performed by Dr T. Blundell in
Durham. The molecular structure of [Rh(L5S2)(COD)]BF4 (Figure 3.9) shows a S-Rh-S bite
angle of 96.14(2)°, slightly larger than the PCNCP bite angle in [Rh(L19)(COD)]BF4 of
91.56(2)°. The average Rh-S bond length of 2.3718(7) A is in good agreement with those

of representative compounds reported in the literature.®

o_l_o
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Figure 3.9. Molecular structure of [Rh(L5S2)(COD)]BF4. Alkyl chain disorder omitted for
clarity. Selected bond lengths / A: Rh-S 2.3775(6), 2.3661(7); Rh-C 2.11(1), 2.12(1),
2.17(1), 2.15(1); C=C 1.40(2), 1.38(2); P-5 2.0006(7), 1.9804(8); P-N 1.694(2), 1.680(2);
Selected bond angles / °: S-Rh-S 96.14(2); P-N-P 120.6(1).
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3.4 Investigation into the coordination chemistry of tetherable phosphines with
cobalt(ll) and palladium(ll)

During the course of this PhD project the price of rhodium metal reached an all-time
high of $28,775 per troy ounce on the 30/04/21.** The extremely high cost of rhodium
was one of the key driving forces behind this project’s research and development of
immobilised hydroformylation catalysts that may benefit from easier catalyst separation
and recycling relative to currently operated homogenous hydroformylation industrial
processes. Maximising catalyst lifetime by employing more efficient catalyst recycling
processes should result in a more cost-effective catalytic process, that becomes
increasingly financially appealing as the price of rhodium increases. Another potential
method for reducing the cost of hydroformylation catalysts could be the application of
potentially cheaper alternative metals, such as palladium or cobalt. To this end, the
coordination chemistry of small bite angle ligands with palladium(ll) and cobalt(ll)

precursors was investigated for potential later application in hydroformylation catalysis.

3.4.1 Literature phosphine-containing palladium hydroformylation catalysts

Despite very early work demonstrating its viability, hydroformylation using palladium
catalysts has not been widely investigated.?! As the price of palladium is significantly
lower than rhodium (Pd = $967/troy oz and Rh = $4725/troy oz on 03/05/24),
development of a high-performance palladium hydroformylation catalyst could
potentially result in a more cost-effective catalyst than is possible with rhodium, if high
catalyst activity and selectivity could be achieved.*! Historically, the activity of palladium
complexes in hydroformylation was thought to be low and not industrially relevant due
to the poor performance of palladium carbonyl complexes in hydroformylation.?!
However, more recent work by Drent et al. showed that modification of palladium(ll)
carbonyl complex catalysts with phosphine ligands and non-coordinating anions led to
significantly improved catalyst performance in terms of activity and selectivity.*> Drent
et al. prepared a range of palladium hydroformylation catalysts in situ by reaction of
palladium(ll) acetate with different bidentate phosphines and acids (Scheme 3.21). The
effect of catalyst structure on hydroformylation catalysis was then investigated for a

number of different alkene substrates (results of octene hydroformylation summarised
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in Table 3.4). Of specific interest was the role of phosphine ligand steric and electronic
character, as well as acid strength and coordination behaviour on hydroformylation

catalysis performance.
Pd(OAc), + PAP +2HX ——— PdX,(P"P) + 2 HOAc

PAP = RPN~ R
R = Ph, Et, "Bu, °*Bu, 'Bu

Scheme 3.21. In situ synthesis of PdX2(PAP) hydroformylation catalysts where HX can be
CH3COOH, CF3COO0H, CF3S03H, CH3S03H, (CH3)3CSO3H or p-CH3CeHaSO3H.*?

Table 3.4. 1-Octene hydroformylation using PdX>(P/P) catalysts described by Drent et

al. and summarised in Scheme 3.21.%2

PAP Acid T(°C) | Rate/ Solvent Products (%)
Ligand mol aldehyde | alcohol | ketone
mol* h?
R =Ph CFsCOOH 125 100 Diglyme 98 0 trace
R="Bu CF3COOH 90 60 Diglyme 96 0 trace
p-CH3CsH4SO3H 90 100 Diglyme 80 5 10
p-CH3CsHaSO3H | 125 120 Diglyme 3 93 trace
p-CH3CsH4SOsH | 125 100 Methanol 0 0 95
CF3SOsH 125 80 Diglyme 0 0 98
R =°Bu CF3COOH 115 100 Diglyme 96 2 trace
p-CH3CgHaSOsH | 125 150 Diglyme 3 95 trace
CF3SOsH 125 40 Diglyme 0 0 98

20 ml octene, 0.25 mmol Pd(OAc)2, 0.6 mmol ligand, 1 mmol acid. 45 ml solvent, Pco= Py,= 30 bar (at

room temperature). Rates averaged over <30% olefin conversion.

The hydroformylation selectivity data summarised in Table 3.4 show that tuning of the
catalyst system can have a large effect on the reaction chemoselectivity. Interestingly,
the desired high selectivity for aldehydes is generally favoured with increasing
phosphine basicity and utilisation of weaker acids.*> However, by changing the catalyst
or reaction conditions it was shown that selectivity towards alcohols via in situ reduction

or ketones via hydroacylation could also be achieved. Bidentate phosphines were found
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to be essential for these systems, with use of monodentate phosphines resulting in no
catalytic activity. The aldehyde regioselectivity was found to be dependent on catalyst
composition, with increasing phosphine steric bulk and weaker acids favouring linear
aldehyde production. A maximum linear aldehyde selectivity of n/iso = 5 was observed
using phosphine DsBPP (di-secbutyl-1,3-bisphosphinopropane) and trifluoroacetic acid
during the hydroformylation of propene under the same conditions as those described

in Table 3.4.42
(PAP)PA?* X,
H,

RCH,CH,CHO o~
R

HX
H, >} (PAP)PAH* X &
/ \
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Scheme 3.22. Proposed mechanism for palladium-catalysed hydroformylation using

PdX>(P~P) complexes modified from the work of Drent et al.*?

The active hydroformylation catalyst species studied by Drent et al. is thought to be a
cationic palladium(ll) hydride centre, [(PAP)PdH]X, formed by heterolytic splitting of
dihydrogen at the electrophilic palladium centre of the PdX,(P~P) precursors.*? Catalysis
then proceeds by coordination of an alkene substrate followed by hydride transfer to
form a palladium-alkyl intermediate (Scheme 3.22). CO ligation followed by migratory
insertion then gives a palladium acyl intermediate that reacts with dihydrogen to reform

the active [(PAP)PdH]X species and releasing an equivalent of aldehyde.
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Building on the work by Drent et al., recent studies by Dydio et al. have shown that Pdl;L,
complexes, where L is a phosphine ligand, can also be used as effective catalysts
precursors for propene hydroformylation.**=*> In these experiments two equivalents of
monophosphine, or one equivalent of diphosphine, were reacted with Pdl; in situ in
aromatic solvents such as anisole or toluene under a pressure of syngas (CO/H2:20/80
bar) resulting in the formation of [PdH(L2)]l active catalyst species, analogous to those
used by Drent et al.*?> Under these conditions the presence of iodide was shown to be
vital, with other palladium precursors, such as Pd(OAc)2, Pd(BF4),, Pd(acac)z, PdBr; and
PdCl; giving rise only to trace aldehyde formation. The identity of the phosphine ligand
was also shown to play an important role in the catalysis.*> Trialkyl monophosphine
ligands with a cone angle in the range of 152 — 178° resulted in the highest aldehyde
TOFs of up to 17 h™*at 100 °C. Formation of the branched aldehyde was shown to be
favoured with jso/n ratios of 1.5 — 3.5 depending on the identity of the ligand, in contrast
to rhodium-catalysed hydroformylation where the linear aldehyde is generally favoured.
It was shown that the iso/n ratio could be further improved by decreasing the reaction
temperature to 80 °C giving rise to n/iso ratios up to 40, albeit at the cost of ten-fold
reduction in activity.*®> The high iso/n ratios reported by Dydio et al. when using Pdl,L>-
based hydroformylation catalysts greatly contrast those achieved using Drent’s
[(PAP)PdH]X-based systems, where linear aldehydes were favoured. Interestingly, the
phosphines required for these two processes also differ, with bulky alkyl
monophosphines shown to be the most effective phosphine ligands in Dydio’s Pdl:L;

system, whereas bidentate phosphines are required for Drent’s [(PAP)PdH]X system.

3.4.2 Synthesis of Pdl2(PAP) complexes

The development of Pdlz(PAP) complexes featuring silica-tetherable phosphine ligands
for application as immobilised hydroformylation catalysts was identified as a potential
method to develop more cost-effective hydroformylation catalysts than the commonly
used rhodium systems. The rationale for this being the lower cost of palladium relative
to rhodium and the easier recyclability of heterogeneous compared to homogeneous
catalysts. PdI2(PAP) complexes are advantageous for this purpose due to their facile

synthesis and good stability, which has been previously exploited in the development of
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homogeneous and silica-immobilised catalysts for hydroalkoxycarbonylation and

Suzuki—Miyaura C-C cross-coupling reactions (Figure 3.10).46748

/\/\ o, “\I
(MeO), N P
Ph,

Figure 3.10. PdI>(P"P) catalyst capable of silica immobilisation, developed for

hydroalkoxycarbonylation and Suzuki-Miyaura C-C cross-coupling reactions.*®

As the work by Dydio et al. focused on the investigation of monodentate and wide bite
angle bidentate ligands for Pdl;L,-catalysed hydroformylation, it was of interest to
investigate some of the smaller bite angle ligands developed in this current work for this
reaction. Additionally, palladium-catalysed hydroformylation using silica-immobilised
molecular catalysts has not been attempted to the best of the author’s knowledge and
is of interest to this project. To this end a range of silica-tetherable PdI>(P*P) complexes

were prepared according to an adapted literature procedure.*

The preparation of PdCl>(P*P) complexes is simply achieved through ligand exchange
starting from PdClz(MeCN); or PdCl(COD). Access to the required Pdl(P*P) complexes
was readily achieved through addition of an excess of Nal to PdCI>(COD) in the presence
of PAP (Scheme 3.23).° Using this method PdIz(PAP) complexes of L5, L11, L12, L17, L18
and L19 were prepared, reaching complete conversion in each case, as determined by
31p{IH} NMR spectroscopic analysis of aliquots of reaction mixture. Recrystallisation of
the products from a solution of DCM or CHCls layered with hexane resulted in crystals
suitable for XRD analysis, which was performed at Durham University by Dr D. S. Yufit
(Pdl(L5), Pdlz(L11), PdI>(L17) and PdI»(L18)) or Dr T. Blundell (PdI2(L12) and PdI»(L19))
(Figure 3.11).

DCM
PdCl,(COD) + PAP ———— PdCl,(PAP) + COD

acetone
PdCI,(COD) + 2 Nal + pAp ———— PdI,(PAP) +2 +COD

Scheme 3.23. Synthesis of [PdCl2(PAP)] and [Pdl,(PAP)] complexes.
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Pdl(L12) Pdly(L19)

Figure 3.11. Molecular structures of Pdl»(L5), Pdl>(L11), PdI(L12), Pdl,(L17) and
PdI>(L18) and PdI»(L19). Hydrogen atoms, solvent molecules and alkyl chain disorder

omitted for clarity.
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Table 3.5. Selected average bond lengths and angles of the Pdl;(PAP) complexes shown

in Figures 3.11 and 3.12.

Complex Pd-P bond | Pd-lbond | P-Nbond | P-Pd-P [-Pd-I P-N-P
length /A | length /A | length /A | angle/° | angle/° | angle/®
Pdi>(L11) 2.206(1) 2.6184(6) 1.674(3) | 70.28(3) | 96.67(2) | 98.6(1)
Pdi,(L12) | 2.210(4) | 2.628(2) | 1.68(1) | 70.3(1) | 99.86(5) | 99.1(6)
Pdi(L5) | 2.232(1) | 2.6449(6) | 1.6905(2) | 71.16(2) | 96.07(2) | 100.37(8)
PdI,(L17) | 2.261(1) | 2.6447(3) - 94.74(3) | 92.12(1) -
PdI>(L19) 2.277(2) 2.6710(8) - 93.64(7) | 88.31(2) -
PdI>(L18) 2.320(1) 2.692(2) - 95.78(5) | 86.95(4) -
c1v 2.2281(14) | 2.6304(5) 1.699(4) | 71.73(7) | 96.04(2) | 100.4(3)
C2> 2.277(3) 2.652(3) - 94.82(9) | 91.50(8) -
P/h,2 o ™ ““\Phi\ Ph,
(M0} >N ~P, T TN NV pd
Ph, Phz Ph I
Cc1 Cc2 ’

Figure 3.12. Structures of literature Pdl>(PAP) complexes C1 and C2.

A comparison of the metric parameters of the various PdI>(P*P) complexes shown in
Figure 3.11 reveals that each complex has Pd-P bond length in the range of 2.206(1) to
2.320(1) A, which is in good agreement with reported literature values
(Table 3.5).47°952 The variation in the Pd-P bond distances correlates well with the
values of |Usep| determined for the diselenide derivatives of the parent diphosphine
ligands (see Section 3.2): there is a decrease in Pd-P bond distance as the phosphine
becomes more electron-deficient. The only outlier to this trend is Pdl;(L18), which has a
longer Pd-P bond length than PdI>(L19) despite the slightly less electron rich nature of
the parent phosphine (|Jsep|: 688 Hz (L19(Se)z) vs 684 Hz (L18(Se),). This deviation is
likely to be due to the increased steric bulk of L18 relative to L19 resulting in weaker

coordination and hence elongated Pd-P bond distance.

Also of interest are the P-Pd-P bite angles of the PdI>(PAP) complexes. The PNP-ligated

palladium centres have bite angles of 70-71° typical for PNP coordination to
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palladium.”>3 In contrast, the PCNCP ligands have larger P-Pd-P bite angles of 93-95°
typical for these types of ligand.3® Contrary to predication, there is no obvious trend in
P-Pd-P bite angle for the PCNCP complexes according to phosphine electronic character
or steric bulk, although the difference in angle between the three complexes is small
when the error of the measurement is taken into account. This suggests that another
factor is the cause of the observed differences in P-Pd-P bite angle of the PCNCP
complexes; Pdl»(L17) (94.74(3)°), Pdl»(L18) (95.78(5)°) and PdI»(L18) (93.64(7)°). Indeed,
although d® square planar geometry is expected for the palladium(ll) metal centre,
distortion of the square planar geometry can be seen in some of the structures. This
distortion was calculated by measuring the angle between the P-Pd-P and I-Pd-I planes

in each structure, as shown for PdI>(L18) in Figure 3.13 (Table 3.6).

Table 3.6. Distortion from ideal square planar geometry of [PdI;(PAP)] complexes.

Complex Square Complex Square
(Ligand shown) planar (Ligand shown) planar
distortion / ° distortion / °

Pdl»(L19) 24 Pdl>(L17) 7.5
/o /o
N./o-: N Cy, N./o-: AAYS Ph,
o § \_o q

Cy, Ph,
Pdl,(L12) 5.2 Pdl»(L11) 2.4

)
8

/o
o »

Pdl>(L5) 11.0 PdI(L18) 35.2
//\
N\/\o(_)‘ _/_\N’ PhZ N/j\;?\ _/_\N/\ tBuz
\\/d lth \\/d I\ t
Bu,
PdBr;(BINAP)> 30.9 PdCl,(dtbpp)> 24.7
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meen: P1 Ped P2

mmean: 19 P 124
Figure 3.13. Molecular structure of Pdl»(L18), showing P-Pd-P (green) and I-Pd-I (red)

planes used to calculate square planar distortion.

In particular, complex Pdl>(L18) (Figure 3.13) shows a very large distortion from square
planar geometry of 35.2°, the largest of any [PdI;(PAP)] type complexes in the CSD,
where the largest value found was 30.9° for the complex [PdBr2(BINAP)] (CSD refcode:
POPZIE).>* Another useful literature comparison is the complex PdCly(dtbpp) (CSD
refcode: WUMKAR).>® Since dtbpp (Figure 3.14) has a very similar structure to L18 with
respect to phosphorus environment, similar coordination properties of the two ligands
would be expected, with PdCl(dtbpp) also producing a large square planar distortion of
24.7°. The ~10° difference in square planar distortion for these two complexes is likely
therefore due to the identity of the halide substituents. As the iodide ligands in Pdl,(L18)
are much larger than the chloride ligands in PdCly(dtbpp), this could lead to a greater
degree of distortion from ideal square planar geometry due to the increased steric
demand when these ligands are present (ionic radii I~ = 2.2, Br~ = 1.96, CI- = 1.81).1°
Indeed, this is further supported by the fact that PdBr2(BINAP) has an intermediate value
of square planar distortion at 30.9° (although this a less ideal comparison due to the

additional differences in phosphine ligand structure).
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Figure 3.14. Chemical structures of BINAP and dbtpp.

The origin of the square planar distortion is further evidenced from the space filling
model of the molecular structure of Pdl,(L18) (Figure 3.15), which clearly shows methyl
fragments of the phosphine 'Bu groups taking up space in the P-Pd-P plane and forcing
the iodide ligands to distort away from ideal square planar geometry. This is also
supported by the computed steric maps displayed in Section 3.2.2 that corroborate

these findings.

meen: P P P2

meen: [1 P [2A

Figure 3.15. Space filling molecular structure model of Pdl>(L18), showing P-Pd-P

(green) and I-Pd-I (red) planes used to calculate square planar distortion.

3.4.3 CoBr; reactivity study with PNP ligands

As discussed in Chapter 1, cobalt complexes are frequently used in hydroformylation
catalysis for certain applications, particularly when in situ reduction of the resultant
aldehyde products to alcohols is required.”® The coordination chemistry of the small bite
angle PAP type ligands relevant to this work with cobalt is poorly explored and
understood, particularly with PNP ligands, although other small bite angle ligands, such

as dppm, have been used successfully in cobalt-catalysed hydrovinylation reactions, for
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example.>” Therefore, a small reactivity study of cobalt(ll) halides with some of the
tetherable PNP ligands produced in this work was performed in line with other ongoing

work in the Dyer research group.

PNP ligands L1 and L9 were selected for a small reactivity study with CoBr, due to their
small bite angles and varying phosphine electronic characters. This would facilitate a
comparison in reactivity of the more electron rich aminophosphine L1 and electron poor
phosphoramidite L9, upon reaction with CoBr,. Synthesis of complexes CoBr;(L1) and
CoBr;(L9), shown in Scheme 3.24, was performed by stirring of a solution of CoBr; and
L1 or L9 overnight in THF at ambient temperature. Upon mixing the solutions, they
immediately changed colour from blue to a dark green/brown, suggesting facile
coordination of the PNP ligands. Single crystals suitable for XRD were obtained from a
solution of CoBr;(L1) in chlorobenzene layered with hexane; structure determination
performed by Dr A. Batsanov at Durham University (Figure 3.16).
THF
CoBr, + PAP ———— CoBr,(P"P)

AP =1, L9

Scheme 3.24. Synthesis of CoBrz(L1) and CoBr(L9).

Ph, Ph,

Figure 3.16. Molecular structure of CoBr»(L1). Hydrogens and alkyl chain disorder have
been omitted for clarity. Selected bond lengths / A: Co-Br 2.3600(6); P-Co 2.278(1),
2.244(1), 2.223(1), 2.234(1); P-N 1.804(7), 1.734(6), 1.685(3), 1.700(4); selected bond
angles / °: P-Co-P 71.24(4), 71.33(4); P-N-P 96.2(3), 100.3(2).

122



The molecular structure of CoBr,(L1) was determined to be a Co" 1* cation coordinated
by two molecules of L1 and Br~in a distorted trigonal bipyramidal geometry. The anionic
charge is balanced by a strained Co2Bre?>~ anion in a (cation:anion) 2:1 ratio. Minor
disorder was observed in the alkyl chain of one of the cobalt-bound PNP ligands. These
types of complex have been verified in other, as yet unpublished, work in the Dyer group
for different CoBry(PNP) complexes.®® The observed ionic structure of
[CoBr(L1)2]2[Co2Brs] clearly differs from the expected simple molecular structure that
would result from 1:1 coordination of a bidentate ligand with a CoBr, fragment, which
has been reported for other wider bite angle PAP ligands with cobalt halides.”*! The
origin of this differing reactivity is likely a function of PAP bite angle, again showing the
unique reactivity of small bite angle PNP ligands. In the complex [CoBr(L1)2]2[Co2Brs],
the average PNP bite angle was measured to be 71.29(4)°, a typical PNP ligand bite
angle.®? As cobalt(ll) is paramagnetic, these complexes cannot be readily characterised
by NMR spectroscopy, making characterisation and structure elucidation of these
complexes more challenging. Unfortunately, crystals of CoBrx(L2) suitable for SXRD
analysis could not be obtained, making a comparison of the structure of
[CoBr(L1);]2[Co2Brs] and CoBry(L2) very difficult from FT-IR spectroscopy and CHN

elemental analysis alone.

The two distinct cobalt environments in [CoBr(L1)2]2[Co2Brs] means that this complex
would not be well suited to catalysis. Immobilisation of this complex would also be
challenging, since only the cations can be covalently anchored to an oxide support, while
Co2Bre?~ anions would be associated by electrostatic forces. However, this does allow
the possibility of ion-exchanging the Co2Bre?~ anions with a non metal-containing anion,

such as BF4 so that only one cobalt environment is present in the complex.

The challenges of employing [CoBr(L1);]2[Co2Brs] as a catalyst were partially addressed
by Adam Carrick working in the Dyer group, who successfully prepared [Co(P~AP),]BAr",
complexes.”® As [Co(P~P),]BArf4 complexes have a cobalt(l) centre analogous to the
rhodium(l) centre in the [Rh(P”"P).]BFs complexes described in Section 3.3.8, the
hydroformylation catalyst performance of these complexes was investigated as part of
this work. To this end, a sample of the complex [Co((PPh2)2NCH,CH,Ph)2]BArfs was

acquired and subsequently investigated as a catalyst for 1-octene hydroformylation (for
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test conditions see Section 5.2). Unfortunately, no catalytic activity was observed.
Subsequent studies performed by Carrick suggest that this is due to the formation of a
stable [Co(P"P)>(CO)]BArf4 complex under syngas and test conditions employed.>® As a
result of these findings further investigations into cobalt oxo chemistry with small bite

angle ligands were not performed as part of this work.

3.5 Chapter 3 summary

In this chapter the coordination chemistry of the tether-modified ligands reported in
Chapter 2 was investigated with hydroformylation-relevant metals rhodium, cobalt and

palladium, in addition to non-metal selenium.

Phosphine selenides of the diphosphine ligands were prepared and their resulting
|Yser| coupling constants used to assess the electronic character of their parent
diphosphines. As expected, the diphosphite ligand L21 is the most electron deficient,
while the alkyl diphosphines L18 and L19 are the most electron rich. The investigation
into ligand electronic character was combined with a study of their steric demands
performed using the SambVca 2.1 web tool to calculate percent buried volumes (%Vsur)

and steric maps, from X-ray crystallographic data.

Rh(acac)(L19) was synthesised as a hydroformylation catalyst precursor by reaction of
L19 with Rh(acac)(CO),. In contrast, the reaction of ligands L1, L9, L13, L21 and L23 with
Rh(acac)(CO); or Rh(acac)(COD) gave a mixture of products that could not be purified.
The selectivity of these reactions could be maximised to =90% by dropwise addition of
the ligand to metal at =78 °C in THF. Unlike the synthesis of Rh(acac)(P~P) complexes,
the synthesis of [Rh(P*P).]Jacac complexes was shown to proceed selectively at room
temperature for ligand L5 when two equivalents of phosphine were added to
Rh(acac)(CO),. It was found that the stability of the rhodium complexes improved when
the acac counter-anion was substituted for BFs~ and therefore [Rh(COD),]BFs was
selected as a preferred rhodium salt to generate the diphosphine-modified catalyst
precursors for hydroformylation. The [Rh(P*P)2]BF4 complexes where PAP = L5, L11, L12
or L17 were produced from [Rh(COD)]BF4 and the parent ligand. Again, L19 showed

differing reactivity to the other ligands investigated and selectively formed
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[Rh(L19)(COD)]BF2 when reacted with [Rh(COD);]BFs, regardless of the Rh:P
stoichiometry. A hydroformylation catalyst precursor featuring a sulfur ligand was also

prepared by reaction of [Rh(PAP),]BF4 with L5S; to produce [Rh(L5S2)(COD)]BFa.

With a view to preparing tetherable palladium hydroformylation catalysts, the Pdl>(P*P)
complexes of L5, L11, L12, L17, L18 and L19 were also prepared, and their structures
analysed by XRD crystallography.

A brief reactivity study of CoBr> with L1 and L9 was performed to assess the potential to
produce tetherable cobalt phosphine complexes for applications in hydroformylation.
The reaction of CoBr; with L1 gave the complex [CoBr(L1):]2[Co2Bre] rather than the
expected CoBry(L1), as determined by XRD analysis. [CoBr(L1):]2[Co2Brs] was
disregarded for future applications in catalysis due to the presence of two cobalt
environments in the complex. Meanwhile, the complex [Co(PPh2)2NCH2CH2Ph)2]BAr,

was shown to be inactive for the catalysis of 1-octene hydroformylation.
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Chapter 4: Reactivity
studies of tetherable
phosphines with silica, and
synthesis of immobilised
phosphine rhodium
complexes for applications
in hydroformylation



4.1 Introduction to phosphine ligand silica-immobilisation

The aim of this project is the development of transition metal-based heterogeneous
catalysts that consist of discrete metal complexes immobilised on a solid support, for
applications in hydroformylation. A key consideration in the development of this type of
immobilised catalyst is the choice of support and method of metal immobilisation. As
discussed in Sections 1.14-1.17 there are many ways to approach this challenge.
However, in this work metal complexation to a bidentate phosphine ligand containing a

pendant silica-tethering functionality has been employed (Scheme 4.1).

" OH CO/H - OH ., H
| |
ST L OH 4 Xew{  + Rh(acac)(CO), ———— "' “ Rh-CO + HX
support | o, support| o, -

Scheme 4.1. Silica-immobilised catalyst synthesis using a modified bidentate phosphine

with pendant tethering functionality, X.

This approach can be justified as it has several potential advantages over other methods
of heterogeneous catalysis synthesis. Most fundamentally, this technique maintains a
“solution like” metal environment that mimics the homogeneous HRh(CO),(P*P) type
catalysts that have been so successfully employed in industry, leading to
hydroformylation becoming the world’s largest homogeneous catalytic process.!
Accordingly, immobilised catalysts produced using this method are primed to maintain
the high activities and selectivities achieved in homogeneous hydroformylation
catalysis. Additionally, by employing a tethering functionality that can be covalently
bound to the support, a robust immobilised catalyst that is stable to hydroformylation
reaction conditions (elevated temperatures and pressures, vigorous stirring for gas-
liguid mixing) can be envisioned. In contrast, immobilisation methods that rely on
intermolecular forces, have been shown to commonly suffer from high leaching rates of

the weakly bound catalyst from the support.?

In order to take advantage of these potential benefits, a support is required that is
mechanically stable and inert to hydroformylation reaction conditions, including the
reaction substrate and products, so that catalyst stability and performance can be

maintained. A simple, facile immobilisation step that does not require harsh reaction
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conditions or additional components is also preferred to minimise the additional
complexity/processing required to produce an immobilised catalyst relative to a

homogeneous catalyst.

There are a vast array of options for solid catalyst supports that have been investigated
in hydroformylation alone, including a variety of solid oxides, such as silica, alumina and
titania, as well dendrimers, polymer supports and resins, which all have their advantages
and disadvantages.3® However, many of those investigated are “designer” supports that
are expensive and can only be produced in relatively small quantities, requiring specialist
synthetic techniques in their production, making them unsuitable for large scale
industrial application. As such, this work will focus on the investigation of cheap,
commercially available fumed silica and y-alumina supports. Alongside the economic
advantages of employing these supports over more specialist options, these oxide
materials typically display very good thermal and mechanical stabilities, as well as
benefiting from them being well studied and characterised as catalyst supports in the
literature.® In particular, this work will mainly employ AEROPERL 300/30 silica as the
support of choice. This hydrophilic fumed silica shows high thermal and mechanical
stability, whilst providing a high internal surface area and pore volume size ideal for
obtaining good catalyst loadings (Table 4.1).1° Calcination techniques can also be utilised
pre-immobilisation to modify the silica surface chemistry, allowing tuning to well
defined isolated silanol sites ideal for catalyst immobilisation, as has been previously

studied in the Dyer Group.!!

Table 4.1. Properties of AEROPERL 300/30 silica.*%*!

BET surface area / m?g? 270-330
pH value 4.0-6.0
Tapped density / g I 280
Average particle size / um 20-60
Pore volume / mlg? 1.5-1.90(1.85)1
Average pore diameter / A 260!
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Many functionalities have been employed for covalently anchoring organic compounds
onto silica supports by reaction with surface silica OH groups; however, by far the most
widely and successfully applied tethering functionality for immobilisation of organics
onto solid oxides are alkoxysilanes via so-called silanisation reactions (Figure 4.1).1%13
Alkoxysilanes have the advantages of being cheap and commercially available starting
materials that can be further functionalised as required, while enabling a very facile
silica-tethering reaction using mild conditions. Alkoxysilanes also offer the possibility to
form up to three covalent bonds to the silica surface, depending on the alkoxysilane
used, potentially improving the robustness of the immobilisation. In addition, reactions
of silica with alkoxysilanes can be conveniently monitored by solid-state 2°Si NMR
spectroscopic analysis to characterise and analyse the resulting modified silica surface.
These benefits make immobilisation using alkoxysilanes highly attractive over many
other potential tethering functionalities. Additionally, in the context of immobilised
phosphines for applications in rhodium-catalysed hydroformylation, alkoxysilanes show
orthogonal reactivity to the required phosphine ligand functionalities, and their
precursors, making them highly applicable to this field. One disadvantage of
alkoxysilanes is their high sensitivity to moisture. In this project however, since that
alkoxysilane tethering functionality is being incorporated into an already air-sensitive
phosphine compound, additional precautions other than routinely employed use of

Schlenk line and glovebox techniques for phosphine handling are not required.

Figure 4.1. Structure of a generic alkoxysilane.

The immobilisation of alkoxysilanes on silica is well documented and understood, with
many diverse examples having been reported previously.?'2'41% |n the synthesis of
immobilised hydroformylation catalysts this is of vital importance, as without a reliable
and robust anchoring of the metal catalyst to the surface, leaching of the catalyst into
solution is likely to occur. In turn, this would eliminate all of the advantages of an

immobilised catalyst, resulting in difficult catalyst separation and recovery. In particular,
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silica functionalisation with aminosilanes, such as (3-aminopropyl)trimethoxysilane, is
very popular due to the versatility of the resulting amine functionalised silicas for various
applications and further modification.'> Many studies have been performed to optimize
the silanisation reaction conditions, where a number of important variables have been
considered, such as: alkoxysilane concentration, reaction temperature and time, the
presence of water, the type of solvent and the identity of the alkoxysilane (e.g., the
amine functionality in (3-aminopropyl)trimethoxysilane has been shown to catalytically
promote alkoxysilane condensation).6~2° Different combinations of these variables can
lead to very different surface modifications, for example the presence of water leads to
hydrolysis of the alkoxysilanes to silanols that can oligomerise before reaction with the
surface (Scheme 4.2). Alternatively, under different conditions, still in the presence of
water, alkoxysilanes can react with other already surface-bound alkoxysilanes, rather

than the support surface itself, leading to vertical polymerisation above the surface

(Figure 4.2).
NH
2 NH, H,N NH,
H.O RSi(OMe),
— > —_—
MeO~~0Me Hydrolysis HO—S~0H Condensation %4 \0/ ‘O’ ‘s’é‘
OMe
OH OH
OH OH OH OH OH OH OH OH OH
I I I I I I I I I
silica support surface
H,N NH;  NH,

% | 07707 ?’é‘

o o o
N

Scheme 4.2. Alkoxysilane monolayer deposition on a silica surface via hydrolysis and

condensation.'?
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OMe _ -OMe
MeO~" NH, hn e0=Si~o- NH,
(0] 2 o o_/_/

| | |

silica support surface

Figure 4.2. Potential vertical polymerisation products of

(3-aminopropyl)trimethoxysilane on silica.*?

For catalyst applications, discrete silane deposition with the maximum number of bonds
to the silica surface are desired for improved catalyst stability (Figure 4.3), and therefore
water is usually rigorously excluded.?’ Depending on the number of bonds made from
the alkoxysilane to the silica surface, the silicon environment in the alkoxysilane can be

denoted a T, T2 or T3 site.

T1 NH X TZ T3

NH, NH,
MeO~ 5 ~OMe si?OMe
0 0| (|)/ \o

on ¢ oH OH
R L

silica support surface

Figure 4.3. Target isolated (3-aminopropyl)trimethoxysilane deposition on silica for
catalysis applications, showing different possible bonding modes to the silica surface

(TL, T? and T3 sites).

An alternative method for incorporation of functionalised alkoxysilanes onto silica
supports is the co-condensation of a functionalised silane with tetraethyl orthosilicate
during the synthesis of mesoporous silicas, rather than post-synthetically modified
existing silicas as described above. This approach has been widely studied for the
production of modified silicas in the literature and ensures high levels of incorporation

of the desired functionality into the resulting silica framework.?* A drawback of this
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method, however, is that the majority of the incorporated functionality is not always
accessible from the silica surface, limiting this method’s application in catalysis.?* In this
work, only commercially available silica supports were used, due to their consistency of
performance and low cost, ensuring that the effect of the tethered phosphine on

hydroformylation catalysis could be probed on a consistent support.

4.2 Silica immobilisation of (3-aminopropyl)trimethoxysilane

(3-Aminopropyl)trimethoxysilane is used as a reagent for preparation of several of the
ligands described in Chapter 2, including L1-5. Therefore, it was selected as a useful
model for investigating silica functionalisation with alkoxysilanes. To this end, (3-
aminopropyl)trimethoxysilane was reacted with commercially available AEROPERL
300/30 silica (calcined at 600 °C, properties given in Table 4.2) in toluene and stirred at
reflux for 2 hours, in accordance with an adapted literature method (Scheme 4.3).16 The
resulting mixture was filtered and the resulting solid washed thoroughly with toluene

before being dried in vacuo to afford the surface-modified silica.

- o
silica _0> —/_\NHZ 3

support_o/
+ 3 MeOH
+
. OH toluene - o
I N
T2 L OH + (MeO), —/_\NH2—> siica 19> —/_\NH2 T2
support support \
OH OH OMe
+ 2 MeOH
+
MeO
\
li 0— \_/_\NHZ 1
ST L _oH OMme T
support
OH
+ MeOH

Scheme 4.3. Synthesis of surface-modified silica by reaction of AEROPERL 300/30 silica

(calcined at 200 °C) with (3-aminopropyl)trimethoxysilane.

The resulting modified silica was analysed by solid-state magic angle spinning 2°Si NMR

spectroscopy. Due to the low sensitivity of this analysis, a cross-polarisation experiment
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was performed, enhancing the signal of 2°Si nuclei in close proximity to *H nuclei.?? This
technique facilitates assignment of the surface 2°Si environments that are in low
abundance relative to bulk silica, at the expense of quantitative peak integrals, since
peak area is no longer directly proportional to the quantity of nuclei in a particular
environment. The CP 2°Si NMR spectrum (Figure 4.4) shows the presence of three
resonances, corresponding to T2, T? and T3 silicon environments, alongside those arising
from bulk silica. The T, T2 and T3 silicon environments correspond to the sites where 1,

2 and 3 methoxysilane groups had reacted with the silica surface, respectively.?

4) ™
[« 3l » |
8]
3) Fli
o
/ >
2) R
) 1 R. OMe
MeO—5i—0Me e’
1 -
0 \ / o o
1) - ?
o0- : -0
(o]

30 50 -70 -90 -110 -130 -150
6/ ppm
Figure 4.4. SS NMR CP ?°Si spectrum acquired at 79 MHz with a spin rate of 6 kHz of
AEROPERL 300/30 silica calcined at 600 °C, 1): before further treatment, 2): after
reaction with 3-aminopropyltrimethoxysilane, 3): after attempted hydrolysis of

tethered amine stirring in water for 30 mins and 4): after attempted hydrolysis of

tethered amine stirring in 1:1 water:methanol for 30 mins.
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The stability of the surface-bound amine was then investigated by stirring the silica in
water for 30 minutes before SS CP 2°Si NMR spectroscopic analysis (Figure 4.4). The CP
29Sj SS NMR spectrum showed a move from predominantly signals corresponding to T2
and T! site resonances to predominantly T2 and T3 species, with approximate overall
signal intensity remaining the same, suggesting that no amine was lost from the surface
(although quantification is not totally reliable for CP experiments). The increase in
surface T3 sites could be explained by the fact that in solution water promotes
oligomerisation of alkoxysilanes, so could also promote the condensation of the
trimethoxysilane group with surface silanols to form greater silica-(3-
aminopropyl)trimethoxysilane connectivity (Scheme 4.4).1> The stability of the tethering
groups was then investigated in a methanol/water mixture. A sample of the surface-
modified silica that had been stirred in a 50:50 water:methanol mixture for 30 minutes
was analysed by CP 2°Si NMR spectroscopy, which showed an approximate 50% decrease
in surface-bound silicon intensity along with significant increase in surface Si-OH groups
(Figure 4.4.4). This suggests that the water/methanol mixture had indeed started to
hydrolyse Si0,—0-Si-R to reform the original (3-aminopropyl)trimethoxysilane and silica
surface silanols. This is not likely to be a significant issue during catalysis however, due
to the anhydrous conditions employed for hydroformylation.
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silica 0\_\ silica 0= \_/_\NH
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Scheme 4.4. Water-promoted condensation of (3-aminopropyl)trimethoxysilane with

silica.’®
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4.3 Silica immobilisation of L1: (Ph2P):N(CH2)3Si(OMe)s

After successful immobilisation of test molecule (3-aminopropyl)trimethoxysilane onto
silica, the reactivity of the PNP ligand L1 with silica was investigated, with the goal of
developing silica-immobilised hydroformylation catalysts (Scheme 4.5). The same
reaction conditions used for the surface binding of (3-aminopropyl)trimethoxysilane
onto AEROPERL 300/30 silica (calcined at 600 °C) were used and the resulting product
characterised by SS 2°Si and 3P NMR spectroscopies. The 2°Si NMR spectra showed the
presence of surface T, T2 and T3 silicon environments (predominantly T?) in good
agreement with the NMR spectrum for the reaction of (3-aminopropyl)trimethoxysilane
with silica. This suggested that the immobilisation process had been successful.
However, the 3P NMR spectrum of this material shows two signals, one at +59 ppm,
corresponding to successfully immobilised L1 (3'P = +62 ppm in solution), alongside a
second, larger resonance at +23 ppm, corresponding to an unknown PV side product of
immobilisation (Figure 4.5.1), as determined from its chemical shift value. Formation of
PV side products when grafting phosphines onto solid oxide supports is a well-known,
albeit poorly understood, issue in immobilised catalysis, resulting in species that can no
longer bind transition metal catalysts (See section 4.4).2* In order to try and suppress
this unwanted phosphine oxidation, the reaction was repeated under milder conditions
stirring at room temperature, although this had no appreciable effect on the 3P NMR
spectrum of the resulting material. Variation of the silica calcination procedure (200 vs
600 °C) also had no noticeable effect on side product formation. In contrast to this,
replacing the silica support with a gamma alumina support was shown to partially
suppress side product formation, resulting in the desired immobilised ligand forming as
the major product, although a significant amount of side product still remained (Figure

4.5.2).

MeO
Ph OH 0— Ph
\—/_\N/ 2 silica " toluene ;e NN
| * support > support OMe Ph
MeO Ph, PP on 1100r20°C 0P OH 2
+2 MeOH

+ side products

L1

Scheme 4.5. Reaction of L1 with AEROPERL 300/30 silica (calcined at 200 or 600 °C).
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Figure 4.5. SS NMR CP 3'P spectrum acquired at 162 MHz with a spin rate of 10 kHz of

L1 on 1); AEROPERL 300/30 silica calcined at 200 °C and 2); gamma alumina calcined at

200 °C. * Denotes spinning sidebands.

4.4 Investigation the effect of the tethering functionality on side product formation
during the silica-immobilisation of dppa-type phosphines

The reactivity of dppa-type phosphines with silica was probed by reaction of AEROPERL
300/30 silica (calcined at 200 °C) with L23, a bidentate phosphine that does not contain
any additional functionality capable of reacting with silica. After heating at reflux in
toluene for 4 hours, no reactivity of L23 was observed according to solution-state 3!P
NMR spectroscopy (Figure 4.6) (note an unknown impurity present in L23, 3P § = +117
ppm, was shown to react under these conditions producing a new signal in the NMR
spectrum at +16 ppm). As methanol is produced as a side product of methoxysilanes
reacting with silica, methanol was added to the mixture of silica and L23 in toluene, in
order to better simulate the immobilisation reaction conditions of L1. After addition of
methanol the mixture was heated at reflux resumed for a further 4 hours, after which
time no significant change was observed to the 3P NMR spectrum. This result agrees
with literature findings that suggest that the alkoxysilane functionality has to be present

in the reaction mixture to promote reactions of phosphines with silica.?*
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Figure 4.6. 3'P{'H} NMR spectrum (162 MHz, 295 K) of 1): L23, 2): L23 after heating at
reflux in toluene with AEROPERL 300/30 silica calcined at 200 °C, 3): L23 after heating
at reflux in toluene with methanol and AEROPERL 300/30 silica calcined at 200 °C.

Work by Blimel et al. suggests that the side product produced during the silica-
immobilisation of bis(diphenylphosphino)amine type compounds via alkoxysilanes is
most likely a species containing a phosphorus atom quaternised by methyl groups from
the methoxysilyl functionality (Figure 4.7).2° This type of phosphorus oxidation during
immobilisation onto oxide supports has been reported for several phosphine/oxide
support combinations.?* In these literature cases, identification of the side product has
mostly been performed using 3!P CP/MAS and suspension HR-MAS NMR studies,
allowing comparison of NMR spectra with those of solution-state test reactions to
elucidate the by-product structure (Scheme 4.5).%°
- _NC\_ o] silica

support
Ph,Pd, \o_

Figure 4.7. Possible side product of the reaction of L1 with silica, featuring a

quaternised phosphorus centre.

It has been shown by Bliimel et al. that (PPh3);NPh can be alkylated using [Ets0][BF.] to

give the corresponding quaternary species, which closely matches the observed 3P NMR
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spectra obtained during attempted immobilisation of PNP compounds, analogous to L1,
onto silica (Scheme 4.6).%° It is noted here however, that [Et30][BF4] is a much stronger
alkylating agent than the alkoxysilane present during immobilisation reactions. Blimel
et al. also showed that by mixing a non-tetherable phosphine with silica and the
alkoxysilane (EtO)sSi(CH2)sCl, the phosphine become bound to the surface (Scheme
4.6).%° This suggests that the alkylating reaction does not have to occur intramolecularly,
but can also occur intermolecularly.? The possibility of the phosphine reacting with the

chloroalkane moiety did not appear to be considered in this study, however.

Ph,R
)
Ph,

sio,
(Et0)3Si(CH,), [Et;0][EF,]
/0 Silica i

|
Z +
Et 0 support PhoR\ -
+ | h /_ /N [ 4]
Q_N/ e © Ph,
‘oph, +Et,0

Scheme 4.6. Previously reported model phosphonium-forming reactions of a

bis(phosphino)amine.?®

Part of the evidence for formation of the quaternised phosphorus side product as
described in Figure 4.7, reported by Bliimel et al., was a 1:1 ratio of the P" to PV signals
in the SS 3P NMR spectrum. However, in our work the observed 2:1 ratio of side product
to target product during the immobilisation of L1 does not agree with this being the

identity of the side product.

Since the phosphonium side product proposed by Bliimel is predicted to form by
reaction of pendant OMe groups left over from the immobilisation process, with the
phosphine moiety, the degree of side product formation would be expected to decrease
when fewer silyl ether groups are introduced into this system. To investigate this,
alternative phosphine ligands L2 and L3 featuring progressively fewer Si-OMe linkages

were prepared (see Section 2.2.1) and reacted with silica (Scheme 4.7). Due to L3 being
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less reactive with silica than the other compounds investigated, as a result its single Si-

OMe linkage, the reaction of L3 with silica was performed at elevated temperature

(70 °C).
Meo—l_/_\N/ Ph, lica OH toluene  jica oH |~~~ PPh,
| + OH ——> 0— N
Ph support g Support | |
2 OH OH Ph,
L3 + MeOH

MeO
\ Ph OH (0] Ph
MeO— _/_\N/ +2 silica oH toluene silica 0: \/\/\l}l/ 2
R —
IPh support support Ph,
2 OH OH
L2 + 2 MeOH

Scheme 4.7. Reaction of L2 and L3 with AEROPERL 300/30 silica calcined at 200 °C.

Alongside the alkoxysilane-functionalised phosphine compounds L1-3, it was also of
interest to utilise a tethering group that does not feature an alkoxysilane functionality.
To this end, the compound L4, featuring a cyclic azasilane tethering functionality, was
reacted with silica (Scheme 4.8). The cyclic azasilane functionality has several potential
benefits over more traditionally employed alkoxysilanes for the immobilisation of
organics onto silica supports. Cyclic azasilanes, such as L4, contain a 5-membered ring
containing a reactive Si—N bond that is highly susceptible to ring opening reactions.
Reaction with silica surface silanol groups proceeds via a ring opening reaction that is
driven by the relief of bond-angle strain and steric repulsions, alongside a
thermodynamic driving force for the formation of a Si—O over a Si-N bond.?® The ring
opening of cyclic azasilanes is 100% atom efficient, resulting in no side products, such as
the alcohols produced when alkoxysilanes are used to tether organics to silica supports.
Cyclic azasilanes have additional benefits over alkoxysilanes in that they have a much

weaker tendency to self-polymerise.?’

OH /Ph2
Ph OH
/% silica toluene gjjica |4>_\ _/_N\
_/_N\ + OH ——> . voort [ O~ HN Ph,
N Ph support pp |
’ 2 OH OH
/N L4

Scheme 4.8. Reaction of L4 with AEROPERL 300/30 silica calcined at 200 °C.
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Figure 4.8 shows the 3P NMR spectra of the reactions of L1-4 with AEROPERL 300/30
silica calcined at 200 °C. In contrast to the expected decrease in side product formation
upon reducing the number of Si-OMe linkages in the tether, side product formation
increased as the number of Si-OMe linkages decreases from 3-1 for L1-3. This result
suggests that the PV side products formed during the immobilisation of L1-3 on silica are
not of the type described in Figure 4.8, as these would be expected to be favoured with
an increasing number of Si-OMe linkages. However, it was found that side product
formation was shown to be suppressed when using the cyclic azasilane-functionalised
L4. Therefore, this suggests that the alkoxysilane functionality (or the MeOH released as
a result of alkoxysilane reactivity with silica) promotes the phosphine oxidation reaction.
As oxygen was rigorously excluded in all these experiments, the small amount of PV side
product formation (=10%) during the immobilisation of L4 is likely due to the reaction of
the phosphine moieties with surface silanols. The exact nature of the side products
formed is unknown, however. As discussed in Chapter 2.2.5, further application of cyclic
azasilanes in the immobilisation of phosphines on silica was prevented due to the

instability of the other phosphine/phosphite containing cyclic azasilanes prepared.
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Figure 4.8. SS CP 3P NMR spectrum acquired at 162 MHz with a spin rate of 10 kHz for
the products from reaction of AEROPERL 300/30 silica calcined at 200 °C with 1): L1,
L2, 3): L3 and 4): L4. * Denotes spinning sidebands.
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4.5 A two-step synthesis of silica-immobilised L1: (Ph2P)2N(CH2)sSi(OMe)s, via silica-
immobilised (3-aminopropyl)trimethoxysilane

A second method for the production of silica-immobilised L1 was attempted using two
reaction steps. Firstly, (3-aminopropyl)trimethoxysilane was reacted with silica, as
detailed in Chapter 4.2, followed by subsequent functionalisation of the immobilised
amine by reaction with two equivalent of Ph,PCl (Scheme 4.9). A similar approach has
recently been described in the literature for the synthesis of a silica-immobilised

chromium ethylene oligomerisation catalyst.?®

i OH toluene i N
silica —/_\NHZ silica | O —/_\NHZ

support g: +(MeO), support} ‘OMe
+ 2 MeOH
2 Ph,
2 NEt,
toluene
0. OMe
. N
silica t o _/_\,N_ Ph,
support] ., Ph,
+2 NEt;H

Scheme 4.9. Attempted synthesis of silica immobilised L1 using a two-step procedure

via silica-immobilised (3-aminopropyl)trimethoxysilane.

In our work, by introducing the phosphine component to the system after the
alkoxysilane-silica reaction had already been performed, it was hypothesised that
phosphine side reactions with the support could be suppressed. The high-power
decoupled (HPDEC) SS 3P NMR spectrum of the resulting material showed this to be the
case, with only a small signal at +20 ppm present corresponding to PV species
(Figure 4.9). Unfortunately, the desired bidentate phosphine, corresponding to the
signal at +60 ppm, was not the major product, which was in fact the monophosphine
resulting from a 1:1 reaction of the amine and Ph,PCl, corresponding to the peak at
+40 ppm (Figure 4.10). The fact that the reaction did not go to completion despite a

large excess of PhyPCl being used, suggests that many of the immobilised amine
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functionalities were too sterically hindered by the silica support for complete conversion

to the bis(diphenylphosphino)amine to occur.

120 100 80 60 40 20 0 20 -40
&/ ppm
Figure 4.9. HPDEC SS 3P NMR spectrum acquired at 162 MHz with a spin rate of 12 kHz
of the reaction of silica-immobilised L1 prepared by the reaction of (3-

aminopropyl)trimethoxysilane-functionalised silica with PhPCl.

The HPDEC SS 3P NMR spectrum of the material also showed two small signals at +117
and -24 ppm that did not appear in the corresponding CP spectrum (Figure 4.9). This
suggests that these signals correspond to mobile species (since fast molecular motion
reduces CP rate)?? that were not successfully removed during washing of the silica. This
assignment is supported by solution-state 3'P NMR spectroscopic analysis of an aliquot
of the washings, which showed a variety of unattributed signals due to the
decomposition of PhyPCl, including signals at 117 and -24 ppm. As the phosphine-
functionalised silica produced contains multiple species that could potentially bind

metals in different ways it was not investigated further for catalyst applications.

o
. N
silica o

— HN—PPh,
SUPPOTtL o OMe

Figure 4.10. Major product in the reaction of Ph,PCl with silica-immobilised (3-

aminopropyl)trimethoxysilane.
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4.6 Reactivity of tetherable phosphites L9: (P(C12Hs02)2N(CH2)3Si(OMe)s and L21:
((C12Hs02)POCH2CH:)2N(CH2)3Si(OMe)s with silica

In addition to the immobilisation of phosphines on silica, as discussed in Sections 4.3-
4.5, also of interest is the immobilisation of phosphites for application as ligands in
heterogenised hydroformylation catalysis. Of particular interest is the behaviour of
phosphites during immobilisation onto silica relative to their phosphine counterparts. In
general, phosphites are more electron-deficient than phosphines, and less susceptible
to oxidation reactions, which could potentially provide an advantage during silica-
immobilisation.?’ However, phosphites can also be prone to hydrolysis reactions, which

could have disadvantages during silica-immobilisation.3°

Tetherable phosphites L9, and L21 were reacted with AEROPERL 300/30 silica
(previously calcined at 200 °C) following an adapted literature procedure, to attempt
formation of phosphite-functionalised silicas (Scheme 4.10). The results of these
reactions were probed by SS MAS 2°Si and 3P NMR spectroscopies to investigate the

tethering mode and phosphorus environment of the resulting modified silicas.

toluene OH OR'
silica silica |
OH + (R'0), —/_\ R—Y—> o—s—" h—r

support support /
OH O/ R
+ 2 MeOH
L9:R = L21:R=~_-0<_.O Q
|
o
R'= R'=Et

Scheme 4.10. Attempted immobilisation of L9 and L21 onto AEROPERL 300/30 silica

previously calcined at 200 °C.

The 2°Si NMR spectra of the L9- and L21-modified silicas showed the presence of T2, T2
and T3 silicon environments in each case, suggesting that successful immobilisation of
the ligand frameworks had been achieved in both cases. However, the 31P NMR spectra
of both samples showed a lone resonance at —8 ppm, with no signals present close to
the free-ligand chemical shifts of +152 and +138 ppm for L9 and L21, respectively. This
large change in phosphorus chemical shift upon tethering is unexpected, suggesting that

a side reaction had also occurred at the phosphorus atom to give a PV species, that
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typically have 3!P chemical shifts around 0 ppm for P-O bond-containing species.3! These
results suggest that phosphites are even more susceptible to side reactions with silica
supports than the phosphines described in Sections 4.3 and 4.4, where only partial

phosphine oxidation was observed.

4.7 Synthesis and reactivity of L24: 2,2'-bis(dibenzo[d,f][1,3,2]dioxaphosphepin-6-
yloxy)-1,1'-biphenyl with silica

To gain a better understanding of this phosphite oxidation process occurring in the
presence of silica, several test reactions were devised. Firstly, synthesis of a test
phosphite, L24: 2,2'-bis(dibenzo[d,f][1,3,2]dioxaphosphepin-6-yloxy)-1,1'-biphenyl,
featuring the same biphenyl phosphite moiety present in L9 and L21, was performed
according to a literature procedure (Scheme 4.11).32 NMR spectroscopic analysis and
CHN elemental analysis of the product showed good agreement with reported literature
values, including the 3P NMR chemical shift of +144 ppm.3? L24, alongside many of its
analogues featuring variously-substituted aryl rings, have been previously investigated
as ligands for hydroformylation and are currently under patent by Evonik Operations
GMBH.?2 The design of L24 for the purpose of this work focused on maintaining as similar
phosphorus environment to L9 and L21 as possible, whilst removing the tethering
functionality. This would allow the reactivity of the phosphite with silica to be observed
without any other functionality present that could also potentially react with silica, and
also allow solution-state NMR spectroscopic analysis of any reaction products to be

performed.

! OH l O 2 NEt3
+2 = +2 NEt;H
O OH O o toluene \O i 3

60% yield

Scheme 4.11. Synthesis of L24.

146



A toluene solution of L24 was heated under reflux in the presence of silica under
conditions identical to those used when investigating the reactivity of test phosphine,
L23, with silica (see Chapter 4.4). 3P NMR spectroscopic analysis of an aliquot of
reaction mixture showed no change to the NMR spectrum of L24 (Figure 4.11). This
suggested that no direct reaction between the phosphite and the silica surface was
occurring. To better simulate the tethering reaction conditions experienced during the
immobilisation of L9 and L21, a stoichiometric quantity of MeOH was then added to the
reaction mixture to mimic the MeOH usually released as a side product of the reaction
between an alkoxysilane and silica surface silanols. The reaction mixture was then
heated at reflux for a further period of 4 h, after which time 3P NMR spectroscopic
analysis of a second aliquot of reaction mixture showed a new signal at +12 ppm with a
relative intensity of ~0.2. Unfortunately, attempts to isolate and identify the newly
formed species were unsuccessful, as continued heating of the reaction mixture resulted

in formation of multiple degradation products.
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Figure 4.11. 31P{*H} NMR spectra (162 MHz, CDCl3, 300 K) of 1): L24, 2): L24 heated at
reflux with silica in toluene, 3): L24 heated at reflux in toluene with silica and MeOH for

4 hours and 4): spectrum after extended heating (8 h) of L24 with silica and MeOH.
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The rearrangement of non-alkoxysilane-functionalised L24 in the presence of silica is
much slower than the analogous rearrangements of L9 and L21. This supports the data
described in Section 4.4 where phosphine L23, was shown to be stable in the presence
of silica, while alkoxysilane-functionalised compounds L1-3 underwent side reactions.
However, in this case, phosphite L24 has a slightly different phosphorus environment to
phosphites L9 and L21, which could also potentially affect its reactivity. These results do
suggest, however, that phosphites are not stable to the silica-tethering reaction
conditions and therefore will require protecting before further work into immobilisation

can be performed.

4.8 Possible phosphorus oxidation pathways for phosphites on silica

One possible explanation for the observed reactivity of L9 and L21 with silica could be
that these phosphites are reacting with the alcohol formed during the tethering reaction
in an alcohol-based Michaelis—Arbuzov reaction (Scheme 4.12). This type of reaction has
been reported previously in the literature for small alkyl phosphites, such as methyl and
ethyl derivatives.3? It has recently been shown that alcohol-based Michaelis—Arbuzov
reaction can be extended to other substrates, such as phenylphosphites, when catalytic
I~ from n-BusNI is supplied.3* The Michaelis—Arbuzov reaction is unlikely to be occurring

during the tethering of L9 and L21 onto silica however, as no I~ source is present.
R'—OH + P(OR); ——— R'—P(0)(OR), + ROH
Scheme 4.12. General alcohol-based Michaelis—Arbuzov reaction.3

Another possible pathway for phosphite degradation on silica is by reaction with silica
surface SiOH groups and residual water adsorbed to the silica surface to form hydrogen
phosphonates (Scheme 4.13).3° During the immobilisation of L9 and L21 onto silica
methanol is released as a side product that could also act potentially act as a proton
source or nucleophile, suggesting that methanolysis rather than hydrolysis of the

phosphite could also potentially occur.
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Scheme 4.13. Proposed mechanism for phosphite hydrolysis to aryloxy hydrogen

phosphonates in the prescence of silica adapted from Ghosh and Greer.3®

4.9 Introducing the silatrane functionality as a convenient silica tethering group

The work described in this chapter so far detailed the application of alkoxysilanes (and
cyclic azasilanes) as tethering groups for the immobilisation of organic compounds onto
oxide supports for applications in immobilised catalysis. However, over the course of
this project the silatrane functionality was also investigated as a tethering functionality
for the immobilisation of phosphines onto oxide supports. This use of silatranes in
organic and inorganic chemical synthesis can provide several benefits over using
alkoxysilanes, due to their significantly greater stability towards water and other
nucleophiles, and self-condensation.3® The more favourable physical properties of
silatrane also greatly improves their ease of handling and purification relative to
alkoxysilanes, which tend to be viscous, sticky solids that are difficult to physically
manipulate.?” Silatranes are essentially protected trialkoxysilanes and are known to
react more slowly with oxide supports than alkoxysilanes.3® Nevertheless,
immobilisation of functionalised silatranes on silica has been successfully achieved in

the literature, predominantly during development of novel antifouling coatings.383°

A recent example of a silatrane being used to functionalise silica was 3-
mercaptopropylsilatrane by Limmerhofer et al. (Scheme 4.14).%° Using a combination
of CHNS elemental analysis and SS NMR spectroscopic analysis, it was shown that

reaction of the silatrane with silica in anhydrous toluene resulted in partial hydrolysis of
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the silatrane functionality, as a result of forming Si-O bonds with the silica surface, when
reaction times of up to 7 hours were employed. In order to fully hydrolyse the silatrane,
and liberate triethanolamine, a weak acid, such as formic acid, was required. Addition
of the acid resulted in formation of three bonds to the silica surface as evidenced by the
presence of silicon T3 sites in the resulting SS NMR spectrum and loss of nitrogen from

the silica according to CHNS elemental analysis.

..............................
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Scheme 4.14. 3-mercaptopropylsilatrane silica-immobilisation reaction pathway before

and after acid catalyst addition adapted from Lémmerhofer et al.*°

4.10 3-Chloropropylsilatrane synthesis and immobilisation on silica

In order to investigate the synthesis and subsequent reactivity of silatranes with silica
we selected 3-chloropropylsilatrane as an initial silatrane synthesis target, as it could
potentially be used as a building block for further ligand synthesis through
functionalisation at the chloro group. Also, the simple structure makes it an ideal test
compound for initial investigations into immobilisation of silatranes.
3-Chloropropylsilatrane was synthesised using a modified literature procedure by
reaction of 3-chloropropyltrimethoxysilane with triethanolamine (TEA) in the presence
of a KOH catalyst (Scheme 4.15).#! Subsequent H and *3C NMR spectroscopic and CHN

elemental analyses of the product showed good agreement with literature data.?®

150



HO OH
~ONTY MeOH //\0
_/_\ + —  » N —X _/_\ +3 MeOH
(MeO), o)
oH \_¢
OH
59% yield

Scheme 4.15. Synthesis of 3-chloropropylsilatrane.

The reactivity of 3-chloropropylsilatrane with silica was investigated by reaction with
AEROPERL 300/30 silica (previously calcined at 200 °C) in toluene following a procedure
adapted from Limmerhofer et al (Scheme 4.16).%° After heating at reflux in toluene for
4 hours, only a trace amount of triethanolamine (the byproduct from complete silatrane
hydrolysis) was observed by *H NMR spectroscopic analysis of an aliquot of the liquid
reaction mixture, as would be expected according to Lammerhofer et al. A catalytic
amount of trifluoroacetic acid (TFA) was then added to the reaction mixture and the
mixture heated at reflux for a further three hours. After workup, CP and HPDEC SS 2°Si
NMR spectroscopic analysis of the product indicated the presence of Si T? alongside
predominantly T3 sites, in agreement with Limmerhofer et al., suggesting that full
hydrolysis of the silatrane had occurred. These results indicate that the silatrane
functionality is a useful tool for the immobilisation of organic compounds to silica
supports with the potential to be expanded to the immobilisation of phosphine ligands

and metal complexes for applications in hydroformylation catalysis.
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Scheme 4.16. Silica-immobilisation of 3-chloropropylsilatrane.
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4.11 Investigations into utilising phosphine-borane protecting groups in the synthesis
of silica-immobilised phosphines

So far, the contents of this chapter have focused on the preparation of phosphine-
modified silicas as catalyst supports. Using this strategy, the functionalised support
could be further modified for various catalysis applications by addition of the
appropriate metal precursors. Unfortunately, attempts to selectively immobilise
phosphines on silica in this work routinely suffered from the occurrence of significant
side reactions between the immobilised phosphines and the silica support, forming
species unsuitable for the desired catalyst applications. To avoid these issues,
alternative synthetic strategies were considered, such as protecting the phosphines as
borane adducts during immobilisation. Phosphine-borane adducts are commonly used
to protect phosphorus(lll) compounds due to their convenient synthesis from their
parent phosphines and BHj3 solvates, and facile deprotection using amines as competing
Lewis bases (Scheme 4.17).4? Phosphorus-borane adducts exhibit significantly improved
stability to air and moisture over phosphines, as well as modified reactivity in numerous
other processes, allowing significantly easier handling, as well as greater reactivity

control than with their corresponding parent phosphines.*3

protection: R3P + BH;e(solv)——— R3P—EH; + solv

deprotection: R3P—BH; + NH; ——— PR; + RJN—EBH,
Scheme 4.17. General formation and deprotection of phosphine-borane adducts.*?

Consequently, in order to explore ways in which the observed formation of side products
during the attempted immobilisations detailed in Chapters 4.3-4.7 could be
circumvented, phosphine protection as their borane adducts before immobilisation was
targeted. It was envisioned that by protecting the phosphorus atoms as borane adducts,
the phosphorus reactivity observed during tethering to silica could be attenuated, since

the phosphorus lone pair is not available to react.
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4.11.1 Attempted synthesis of L5(BHs)2: ((BH3)PPh2)2N(CH2)3Si(OCH2CH2)sN

Synthesis of the L5 phosphine-borane adduct, L5(BHs)2, was attempted by stirring L5
with two equivalents of BHz«THF in DCM overnight at ambient temperature, following a

modified literature procedure (Scheme 4.18).%4

/o /o %
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Scheme 4.18. Attempted synthesis of L5(BH3),; synthesis of L5(BH3).

Both 3'P and !B NMR spectroscopy of an aliquot of the reaction mixture showed two
peaks in the spectra, corresponding to selective formation of the mono-borane, with
half the BH3«THF starting material remaining. Upon layering the reaction mixture with
hexane, colourless crystals suitable for XRD analysis were obtained. The resulting crystal
structure supported the NMR spectral assighnment that the mono-borane product had

been produced (Figure 4.12).

Figure 4.12. Molecular structure of L5(BH3). Hydrogens omitted for clarity. Selected
bond angles / °: P-N-P 121.7(2); N-P-B 112.4(2). Selected bond lengths / A: P-B
1.917(4); P-N 1.688(3), 1.720(3); Si-N 2.190(3); Si-C 1.879(3).
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The molecular structure of L5(BHs) (Figure 4.12) shows the same formal phosphorus
lone pair orientation as determined for L5 (i.e. staggered). The BH3 group bonds to the
phosphorus lone pair facing away from the PNP moiety, presumably due to steric
considerations. The PNP angle of 121.7(2)° is reasonably close to the 120.08(8)° angle
found in L5, suggesting that addition of BH3 does not introduce significant strain into the
system. The P-B bond length of 1.917(4) A is in good agreement with typical BH3-PRs

bonds in the literature, typically 1.93 A.%5

To encourage formation of the desired di-borane adduct, the obtained mono-borane
was reacted with another equivalent of BH3eTHF in toluene at reflux for 48 hours
(Scheme 4.19). Subsequently, 3P and *B NMR spectroscopy of an aliquot of the reaction
mixture showed that the mono-borane was still the major species present in solution.
Upon layering the reaction mixture with hexane, colourless crystals suitable for XRD
analysis were again obtained. The crystal structure corresponded to the mono-borane
with disorder around the second phosphorus atom (Figure 4.13). These data are
consistent with the crystals comprising a mixture of the mono- and di-borane, and the
mixed phosphine-borane phosphine oxide, present in a 0.5:0.2:0.3 ratio. Formation of
the oxidation product likely resulted from reaction of L5(BH3) with trace O, present in
the solvent. Due to the small quantities present and similar nature of these compounds,

separation was not attempted.
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Scheme 4.19. Attempted synthesis of L5(BHs), in toluene at reflux.
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Figure 4.13. Molecular structure of L5(BHs) with disordered phosphorus lone pair,
P:P=0:P-B 0.5:0.3:0.2. Hydrogens omitted for clarity. Selected bond angles / °: P-N-P
121.1(1); N-P-B 113.14(8), 123.5(9). Selected bond lengths / A: P-B 1.916(2), 1.915(4);
P-N 1.686(1), 1.716(3); P=0 1.371(5), Si-N 2.176(1); Si-C 1.875(2).

It is not clear why attempted synthesis of the L5(BH3) failed, as many di-phosphine and
di-phosphite di-boranes have been successfully produced using similar methods in the
literature.*®*’ However, there are very few bis(borane)-protected PNP-type compounds
that have been reported. Two bis(borane) PNP examples have been described
previously; however these both possess an H atom at the amine moiety.***8 As far as
the author is aware, no examples of PNP mono-borane adducts have been previously

reported in the literature.

One possible explanation for the observed reactivity of L5 with BH3zeTHF could be that
formation of the di-borane is disfavoured due to steric reasons. To investigate this,
L5(BH3) was reacted with elemental selenium (Se empirical covalent radius 115 pm, cf.
B =85 pm. B-H bond length =119 ppm)* in an NMR tube (Scheme 4.20). Full conversion
to the phosphorus selenide was observed after sonication for 30 minutes, as determined
by 3P NMR spectroscopy. The 3P NMR spectrum showed a broad singlet corresponding
to the P-BH3 (6 3!P = +73; vy, = 103 Hz) and a doublet with satellites (6 3P = +67; 2Jpp = 13
Hz) corresponding to the P-Se moiety. A |sep| value of 779 Hz was measured, in good
agreement with the |YJsep| value of 782 Hz measured for L5, suggesting that the
presence of the borane does not have a large impact on the basicity of the phosphine

adjacent to it and that, to a first approximation, that steric factors potentially hinder
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formation of the bis(borane) adduct. The fact that the phosphorus atom is free to react
with selenium also suggests that the borane in L5(BH3) is not bridging between the two
phosphorus atoms, and hence occupying both phosphorus lone pairs. This is supported
by the molecular structure of L5(BH3) where the borane is located on a single

phosphorus atom.

o o Ph,
N/ o- —/_\I}I/ Phy +Se _bem o 0-; _/_\|}1’ Sse
\\/O ph2 ~oH (0] ph2 -

3 Hs

Scheme 4.20. Synthesis of L5(BH3)(Se).

Another consideration in the reactivity of L5(BH3) with BH3eTHF is the nature of the P-N
bond in L5(BH3). The molecular structure of L5(BHs) (Figure 4.12) shows a trigonal planar
geometry of the nitrogen atom. This suggests delocalisation of the nitrogen lone pair
into the two N-P bonds, giving rise to some multiple bond character between the
nitrogen and the phosphorus atoms, as is commonly seen for PNP compounds.> Further
evidence for this is provided by the molecular structure of L5(BH3), which highlights the
shortening of the P-N bond distance (1.718(1) to 1.688(3) A) upon phosphorus-borane
adduct formation. This is consistent with increased P-N multiple bond character
resulting from a more electron-deficient phosphorus atom arising from P-BHs Lewis
adduct formation. However, as the P-N bond length of the uncoordinated phosphorus
in L5 and L5(BHs) are within 30, 1.718(1) and 1.720(3) A respectively, the coordination
of BHs to one phosphorus does not appear to have a large impact on the electronics of
the uncoordinated phosphorus, as was indicated by the similar |1ser | constants in L5Se;
and L5(BHs3)(Se). In light of these findings, it seems unlikely that the reason that L5(BHs);

formation is disfavoured is trivial in nature.

In order to further investigate whether electronic effects were having a large impact on
the borane adduct-forming reaction, BHs; was replaced with the much more Lewis acidic
BF3, while maintaining similar reactant size, BHs vs. BF3 (Scheme 4.21). The reaction was
performed according to an adapted literature procedure, using DCM solvent and
BF3+OEt; as the BFs3 source.”! 3P NMR spectroscopy of an aliquot of reaction mixture

indicated complete decomposition of the phosphine starting material after 12 h, and
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hence the reaction was abandoned. This may be a result of the phosphine-BFs; adduct
reacting with the DCM solvent, which has been shown to occur for certain phosphine-
BF3 adducts in the literature.>® Unfortunately, L5 is insoluble in hexane, which is the only

other solvent that has been reported for the synthesis of phosphine-BF; adducts.

//\O DCM
N\/\O—\ _/_\I}'/ th +2 3°OEt2+>

Scheme 4.21. Attempted reaction of L5 with BF3eTHF.

4.11.2 Synthesis of |.17(BH3)2 (thP(BH3)CH2)2N(CHz)gSi(OCHzCHz)gN

To investigate the effect of PAP bite angle on the reactivity of diphosphines with
BH3eTHF, the borane protection of the PCNCP L17 was attempted. It was envisioned the
reaction would afford the bis(borane) derivative, as L17 does not display the unique
behaviour associated to PNP compounds due to their partial P-N multiple bond
character.”® Thus, L17 was reacted with BH3#THF in DCM using the same procedure as
when reacting L5 with BH3*THF (Scheme 4.22). Indeed, after overnight stirring, 3'P and
1B NMR spectroscopic analysis of an aliquot of the crude reaction mixture confirmed
that complete conversion to the desired bis(borane) derivative had been achieved. The
target compound L17(BHs), was then precipitated by addition of hexane and isolated by

filtration.

//\o
D
\/\o- N Ph, +2 BHyeTHF —— » N WAAYS Ph +2 THF
Q \\/o
Hs
Scheme 4.22. Synthesis of L17(BH3)..

Successful protection of L17 as its diphosphine borane using BHzeTHF follows the
typically expected behaviour for phosphine compounds. This provides further evidence
that the unique steric and electronic properties of PNP type compounds is the origin of
their differing reactivity with boranes. Seeing as phosphine protection as phosphine

boranes was not a trivial process that could be applied to all the phosphine ligands
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investigated in this work, immobilisation of borane protected phosphines for

applications in immobilised catalysis were not investigated further.

4.12. Synthesis of silica-immobilised rhodium(l) complexes

Immobilisation of phosphines on silica followed by addition of the desired metal
precursor (Scheme 4.23.1) provides a versatile way to produce a variety of immobilised
catalysts for different applications depending on the identity of the metal used. An
alternative approach to this is formation of the desired metal complex prior to
immobilisation on the catalyst support (Scheme 4.23.2). Although this approach is less
flexible than the aforementioned method, requiring synthesis and isolation the desired
complex before immobilisation, it may have an advantage in that the phosphine lone
pairs are coordinated to the metal deterring other reactivity. This approach was shown
to eliminate side reactions between immobilised dppa-type phosphine ligands and a
silica support when complexed to NiCl, before addition to the support.?> Therefore,
several rhodium complexes described in Chapter 3 were reacted with silica to produce

immobilised rhodium complexes whilst trying to minimise phosphine oxidation.

silica OH silica OH ‘.,
1.5i0,+ X —— oort o—( M — . o—( ~M
PPOTL_on SUPPOTHL o
+ HX
", silica OH silica OH ‘.,
2.x—( +M—>X—< SM+ OH — o—< "M
support OH support OH -

+ HX

Scheme 4.23. Synthesis of a generic metal (M) immobilised on silica via a tetherable
phosphine ligand by; 1. Immobilised phosphine synthesis followed by metal

complexation; 2. Phosphine-metal complexation followed by silica-immobilisation.
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4.12.1 Silica immobilisation of [Rh(L5S2)(COD)]BF,

Immobilisation of [Rh(L5S2)(COD)]BF4 on silica was performed according to the general
method detailed in Scheme 4.23.2 (Scheme 4.24). As the phosphorus atoms in this
complex are PY, it was envisioned that side reaction with the silica support could be
avoided, allowing silatrane-immobilisation of metal complexes to be studied without
further complications. Acidic conditions were not employed in this reaction to avoid
decomposition of the complex, therefore only partial hydrolysis of the silatrane was

expected upon reaction with silica.

Due to the poor solubility of [Rh(L5S2)(COD)]BF4in toluene and sparing solubility in PhCl,
the reaction with AEROPERL 300/30 silica (calcined at 200 °C) was performed in a
DCM/PhCI solvent mixture at 70 °C. After 4 h the silica had turned yellow due to
incorporation of the rhodium complex onto the silica surface. In contrast, when the
reaction was attempted in only DCM heated to reflux, no reaction was observed,
suggesting that 40 °Cis too low a temperature to enable reaction between silica and the
silatrane functionality. SS 3P NMR spectroscopic analysis (Figure 4.14) indicated
successful incorporation of [Rh(L5S2)(COD)]BF4 onto the silica surface through the
presence of a signal at +71 ppm, in good agreement with the solution state NMR
spectroscopic analysis of the complex. In addition to this signal, a second minor signal at
+59 ppm was observed in the NMR spectrum corresponding to the free ligand. This
suggests that the sulfur donor ligand L5S; may be fairly labile, and that some rhodium
was lost during the immobilisation reaction or washing process. This result brings
concerns with respect to metal leaching during catalysis, which will discussed in Section

5.5.2.
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Scheme 4.24. Synthesis of silica-immobilised [Rh(L552)(COD)]BFa4.
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Figure 4.14. CP SS 3P NMR spectrum acquired at 162 MHz with a spin rate of 10 kHz of
silica-immobilised [Rh(L5S;)(COD)]BF4. * Denotes spinning sidebands.
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4.12.2 Silica immobilisation of [Rh(L19)(COD)]BF4

Immobilisation of the phosphine-ligated complex [Rh(L19)(COD)]BF4 was performed by
reaction of [Rh(L19)(COD)]BF, with AEROPERL 300/30 silica (calcined at 200 °C) in
toluene at 70 °C (Scheme 4.25). This temperature was selected as it was the minimum
temperature that silatrane reactivity with silica was observed (see Section 4.12.1). After
stirring the solution for 2 h, it had become colourless and the silica yellow, suggesting
complete immobilisation of the rhodium complex onto silica. Subsequent SS 3P NMR
spectroscopic analysis showed a resonance at +8 ppm corresponding to immobilised
[Rh(L19)(COD)]BF4. Additionally, a complicated resonance at +57 ppm was also observed
in an approximate 1:2 ratio with the resonance at +8 ppm. The exact species responsible
for the resonance at +57 ppm cannot be identified with the available data, although it is
in the appropriate range for PV species containing the -CH,P'Bu; fragment, of around
+60 ppm.>2 This suggests that phosphorus oxidation was observed during the reaction
of [Rh(L19)(COD)]BF4 with silica, most likely indicating that the phosphine ligand is labile.
As L19 is an electron-rich alkyl phosphine, this may also increase the favourability of

oxidation reactions relative to less electron rich phosphines.
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Scheme 4.25. Synthesis of silica-immobilised [Rh(L19)(COD)]BFa.
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4.12.3 Silica immobilisation of [Rh(L5).]BFs

[Rh(L5);]BFs was reacted with AEROPERL 300/30 silica (calcined at 200 °C) in a
toluene/THF solvent mixture at 70 °C, required in order to fully solubilise the
[Rh(L5)2]BF4 (Scheme 4.26). After 4 h, the solution became colourless and the silica
yellow, suggesting that the reaction was complete. SS 3P NMR spectroscopic analysis
confirmed that immobilisation of the complex had been successful (Figure 4.15), with a
resonance at +65 ppm corresponding to immobilised [Rh(L5),]BF4. The signal is expected
to be a doublet as Ygrnp coupling is observed in solution; however, the line broadening
inherent with SS NMR spectroscopic analysis means that a singlet is observed in the solid
state (FWHM = 1120 Hz). Alongside the resonance attributed to [Rh(L5):]BF4, a small

(<10%) broad resonance centred at +40 ppm that could not be assigned was observed.
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Scheme 4.26. Synthesis of silica-immobilised [Rh(L5)2]BFa.
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Figure 4.15. CP SS 3P NMR spectrum acquired at 162 MHz with a spin rate of 12 kHz of

silica-immobilised [Rh(L5),]BF4. * Denotes spinning sidebands.

When comparing the silica-immobilisation of [Rh(L5)2]BFa4to that of PNP ligands L1-L4,
described in Section 4.4, a large increase in selectivity for desired product is observed
when tethering [Rh(L5),]BF4. This shows the positive effect of immobilising a complex
rather than free ligand on the stability of phosphines during immobilisation onto silica.
It is hypothesised that further reducing the reaction temperature during the silica-
immobilisation of rhodium complexes, such as [Rh(L5)2]BF4, could eliminate side product
formation altogether; however this is not possible while using the silatrane functionality
as the tethering group. Indeed, it has previously been shown that side reactions of
phosphines and phosphine-containing complexes with silica during their immobilisation
using alkoxysilane tethering groups can be suppressed by lowering the reaction

temperature.?*

As [Rh(L5)2]BF4 contains two equivalents of L5, there is additional complexity in the
pathway for its silica-immobilisation relative to complexes containing only one
equivalent of tetherable ligand. This gives rise to another possible product to the one
shown in Scheme 4.26, where both silatrane functionalities have reacted with the silica
(Figure 4.16). Unfortunately, due to the low abundance of the silatrane group on the
silica surface and low sensitivity of the 2°Si nuclei for NMR spectroscopic analysis,
sufficient signal could not be obtained in the SS 2°Si NMR spectrum to determine which,

or indeed if both of these binding modes are present. The flexible nature of the alkyl
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spacer in the ligand backbones suggests that both modes of immobilisation onto the
support could be possible. Additionally, from the molecular structure of [Rh(L5)2]BFa its
dimensions were calculated to be 19 A x 10 A x 9 A, suggesting that the complex should
comfortably fit within the silica pores, allowing both silatrane functionalities to react

(pore vol. = 1.85 cm3®g?, avg. pore diameter = 260 A).1011
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Figure 4.16. Alternative possible product for the reaction of [Rh(L5);]BF4 with silica.

4.12.4 Silica immobilisation of [Rh(L17).]BF4

The reaction of [Rh(L17);]BFs with AEROPERL 300/30 silica calcined at 200 °C was
performed in toluene at 70 °C (Scheme 4.27) following the same procedure that was
used for the immobilisation of [Rh(L5)2]BF4 (see section 4.12.3). The resulting sample
was characterised by SS 3P NMR spectroscopic analysis, which showed a single
resonance at +8 ppm, corresponding to immobilised [Rh(L17);]BFs4, confirming clean
immobilisation of the complex (>95%). SS 2°Si NMR spectroscopic analysis was not able
to ascertain whether one or both of the silatrane functionalities in the complex had
reacted with silica, as was the case for the silica-immobilised [Rh(L5).]BF4 produced (see
Section 4.12.3). The immobilised complexes detailed in Section 4.12 were investigated
as catalysts for 1-octene hydroformylation to assess their capabilities with respect to

catalyst activity, selectivity and stability to leaching, see Chapter 5 for details.
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Scheme 4.27. Synthesis of silica-immobilised [Rh(L5);]BFa.

4.13 Investigating the reaction of Ph,PCl with silica

Despite great interest in the phosphine-functionalisation of surfaces for applications in
immobilised catalysis using pendant tethering groups, such as alkoxysilanes,
surprisingly, very little work has been done on covalently attaching phosphine moieties
directly onto a surface.®® Usually, an organic linker with a dedicated tethering
functionality is employed to separate the immobilised phosphine from the silica
surface.?%2* However, one possible way to achieve direct phosphine functionalisation
onto a silica surface is by the reaction of a chlorophosphine with silica surface silanols
(Scheme 4.28). This approach offers a potentially cheap, facile method of producing a

phosphine-functionalised support for applications in catalysis.

To the best of the author’s knowledge, the only reported direct immobilisation of a
phosphine onto silica via a Si-O-PR; linkage involved using Ph,PCl to generate a
diphenylphosphine moiety on silica, reported by Verdonck et al. for the coordination of
RuCls.>* In the study FTIR and XPS experiments were used to suggest that the addition
of Ph2PCl yielded discrete Si-O-PPh, moieties on the silica surface that could be later
used as ligands for coordination of ruthenium in a monodentate or bidentate fashion.
More recent work investigating these claims was performed by Fontaine et al. using

multinuclear NMR spectroscopy, attenuated total reflection infrared spectroscopy (ATR-
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IR), and computational DFT methods to better understand the behaviour of PhyPCl
immobilised on silica surfaces.”® Subsequent analysis by Fontaine et al. suggested that
addition of PPh,Cl to silica leads to immobilisation followed by oxidation of the
phosphine to -P(O)Ph,, even in the absence of oxygen, due to side reactions with the
silica support. This results in a species not useful for applications in immobilised
hydroformylation catalysis. In both the studies by Verdonck et al. and Fontaine et al.,
the reaction of PPh,Cl with silica was performed in refluxing DCM, with no in situ base
present to neutralise the HCl produced during the reaction. As phosphines are well
known to undergo side reactions with silica surfaces, especially at elevated
temperatures (as discussed in Section 4.3), it is perhaps not surprising that this was
exacerbated further upon the introduction of HCl to the system. This was taken into
account in DFT studies by Fontaine et al. where a mechanism for the oxidation of the
silica-immobilised diphenylphosphine moiety was predicted, which involved HCI
(Scheme 4.29).>3 Therefore, it was of interest to us to repeat these experiments at -78
°C with the addition of NEts as an in situ base, to determine whether this would suppress

the phosphine oxidation side reactions (Scheme 4.28).

OH OH
Silica NEt, Silica
OH +Ph, —— support O—PPh, + NEt;H
support toluene OH
OH _78 °C

Scheme 4.28. The reaction of Ph,PCl with silica, featuring NEts as an in situ base.
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Scheme 4.29. The reaction of PhPCl with silica and subsequent phosphine oxidation

showing intermediates predicted using DFT by Fontaine et al.>3

SS 3P NMR spectroscopic analysis of the phosphine modified silica was performed
(Figure 4.17) showing significantly different results than those of Fontaine et al. A single
resonance at +22 ppm was reported in the prior work, where an in situ base was not
used, corresponding to silica-OP(0)Ph2.>® While this was still observed in our current
work (overlapping with a spinning sideband), suggesting that some oxidation of the
phosphine had occurred, it corresponds to the minor product. The major resonance is
located at +104 ppm, corresponding to surface bound PPh;. Literature values of
solution-state 3P NMR chemical shifts of +95 ppm for Ph,POSiMes; and +108 ppm for
(Ph2P0)4Si suggest that is a reasonable chemical shift to attribute to silica-bound
PPh,.>>>® Integration of the NMR spectra suggests a 63% selectivity for target product,
although this may not be completely reliable due to the nature of the CP experiment.
Attempts to further increase the reaction selectivity by tuning the support used were
unsuccessful. Changing the silica calcination temperature from 200 to 600 °C resulted in
a small decrease in selectivity to 55%, while changing the support type to gamma

alumina drastically reduced selectivity for surface bound -OPPh; to 5%.
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Figure 4.17. CP SS 3P NMR spectrum acquired at 162 MHz with a spin rate of 10 kHz of

the reaction of Ph,PCl with AEROPERL 300/30 silica (calcined at 200 °C) in the presence

of NEts. * Denotes spinning sidebands.

The effect the identity of the chlorophosphine has on reactions of chlorophosphines
with silica was investigated using 'Bu2PCl under analogous conditions to those used for
PhyPCl (Scheme 4.30). It was hypothesised that increasing the steric bulk of the
phosphine moiety may reduce the ability for side reactions with the support to occur.
However, SS CP 3P NMR spectroscopic analysis of the resulting solid indicated that this
was not the case. Rather than the expected phosphinite 3P NMR signal at 150 ppm, a
lone resonance at +39 ppm was instead observed corresponding to an unknown side
product of immobiliation.>” The large difference in reactivity between ‘Bu,PCl and Ph,PCl
with silica, suggests that either increasing phosphine steric bulk or electron donating
ability favours oxidative side reactions with the silica support; however this process

remains not fully understood.
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Scheme 4.30. Attempted synthesis of silica immobilised P'Bu;.
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4.14 Rh(acac)(CO). complexation with silica-PPh;

Synthesis of an immobilised hydroformylation catalyst was performed by reaction of the
PPh,-functionalised silica, resulting from the reaction of silica with Ph,PCl, with
Rh(acac)(CO); (Scheme 4.31). Upon stirring in toluene for 2 h, the suspended solid
turned from white to orange and CO gas bubbles were observed, suggesting successful
anchoring of rhodium onto the silica surface. SS CP 3P NMR spectroscopic analysis of
the product showed an additional resonance to original PPh;-modified silica at +82 ppm,
corresponding to monodentate PPhy coordination of a Rh(acac)(CO) fragment.
Interestingly, the majority of the PPh, moieties were shown to have not reacted with
Rh(acac)(CO),, suggesting that for the most part, the silica-PPh; moieties were too
sterically hindered and therefore inaccessible to the rhodium source. This is presumably
a result of the direct immobilisation of the phosphine onto the silica surface without an
intervening organic linker, limiting the freedom of movement to the PPh, moiety. This
could also explain why no bidentate silica-PPh, coordination onto the rhodium was
observed. The hydroformylation catalyst performance of this supported complex
compared to the bidentate ligand-coordinated supported complexes described earlier
in this chapter is of great interest, particularly in regard to catalyst stability to metal

leaching (see Chapter 5.3.2).

OH OH
silica toluene Silica __~Rh(acac)(co)
support O—PPh, + Rh(acac)(CO), ———— support Ph, .o
OH OH

Scheme 4.31. Reaction of silica-PPh; with Rh(acac)(CO)..

4.15 Synthesis of a Fibrecat™ supported rhodium complex

An alternative to the silica supports employed in this Chapter for the development of
immobilised discrete metal complexes is the application of a polymer catalyst support.
This approach has been investigated for a wide variety of metals and catalytic
applications, including hydroformylation, in the literature.>®%° One polymer support

that has previously been used in immobilised hydroformylation catalysis is Fibrecat™, a
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triphenyl phosphine modified, polyethene support prepared by radiation grafting with

high-energy electrons.®

Fibrecat™ fibres, functionalised with PPhs, (although no longer commercially available)
were provided by Johnson Matthey PLC. To produce a polymer supported
hydroformylation pre-catalyst as a comparison to the silica-supported pre-catalysts
prepared, a solution of Rh(acac)(CO); in toluene was added to Fibrecat™ fibres and
allowed to stir for 3 h, producing an orange solid alongside a pale green solution
(Scheme 4.32). After work up, SS 3P NMR spectroscopic analysis showed three signals,
corresponding to immobilised but uncoordinated PPhs (-6 ppm), immobilised
Rh(acac)(PPhs); (+30 ppm) and immobilised Rh(acac)(PPhs)(CO) (+42 ppm), in good

agreement with the work by Zeelie et al.®

The synthesis of a literature immobilised catalyst allows for like for like comparisons of
our catalyst testing data to the literature’s to be made, which is useful to help validify
our results (see Chapter 5). A comparison in catalyst performance of polymer-supported

and silica-supported catalysts is also of interest in this work and will also be discussed in

Chapter 5.
Rh(acac)(CO)z Ph, Ph,
'l: \\o ’I: \\0—\
/ \ __,> / \ --r>
(0] ocC (0]
Ph, Ph,
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Q = polyethene

Scheme 4.32. Synthesis of Fibrecat™-supported Rh(acac)(PPhs)(CO) and
Rh(acac)(PPhs)..

4.16 Determination of heterogeneous catalyst rhodium loadings

The rhodium contents of the solid catalysts reported in this Chapter were determined
by ICP-OES analysis, following HF digestion, performed at Johnson Matthey, Sonning

(Table 4.2). Much higher catalyst loadings were achieved for the Fibrecat™ and silica-
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PPh; catalysts, than the other silica-supported catalysts prepared (4.46 and 2.49%
respectively). This is likely due to the two-step immobilisation procedure employed for
these catalysts whereby the ligand was first grafted onto the support and then
complexed with Rh(acac)(CO),. Alternately, the immobilisation of pre-formed rhodium
complexes with relatively large phosphine ligands is likely to limit the amount of silica
surface accessible to these species, resulting in a fewer surface-immobilised ligands and
thus immobilised rhodium complexes. The catalysts loadings achieved show good
agreement with literature values of Fibrecat™ and silica-immobilised rhodium catalyst

loadings.®2° No further optimisation of the silica loadings were performed in this work.

Table 4.2. Heterogeneous catalyst rhodium leaching after 1 h hydroformylation

reaction.
Catalyst Catalyst rhodium content / Wt. %

Fibrecat™ + Rh(acac)(CO), 4.46
Rh(acac)(CO); + silica-PPh; 2.49
Sil-[Rh(L5)2]BF4 0.53
Sil-[Rh(L17).]BF4 0.35
Sil-[Rh(L19)(COD)]BF4 0.31
Sil-[Rh(L5S2)(COD)]BF4 0.76

Errors: £ 0.02%.

4.17 Chapter 4 summary

In this chapter, investigations into the reactivity of a wide range of phosphines and
phosphine complexes with silica and alumina were described in the development of

heterogeneous hydroformylation catalysts.

(3-Aminopropyl)trimethoxysilane was reacted with AEROPERL 300/30 silica calcined at
600 °C to investigate the surface binding mode of the alkoxysilane, which showed a
mixture of T, T2 and T3 sites. The number of T3 sites was shown to increase when the

sample was exposed to water/methanol mixture.
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Phosphine L1 was reacted with AEROPERL 300/30 silica calcined at 600 and 200 °C, and
a gamma alumina support calcined at 200 °C, showing differing degrees of phosphine
side reactions, resulting in PV phosphorus environments. The effect of the silica tethering
group on these side reactions was investigated by reaction of L1-4 with AEROPERL
300/30 silica (calcined at 200 °C), which showed that a cyclic azasilane silica tethering
group drastically reduced side product formation relative to an alkoxysilane tethering
group. An alternative two-step procedure for the immobilisation of L1 onto silica was
performed by reaction of silica-bound (3-aminopropyl)trimethoxysilane with Ph,PCl in
the presence of NEts, resulting in predominantly silica bound -N(H)PPh,. Reaction of
phosphoramidite ligands, L9 and L21, containing an alkoxysilane functionality, with
AEROPERL 300/30 silica (calcined at 200 °C) resulted in complete rearrangement to PV

phosphorus species.

3-Chloropropylsilatrane was reacted with AEROPERL 300/30 silica calcined at 200 °C in
order to study the binding mode of silatranes with silica, with results suggesting a single
bond to the surface is formed under anhydrous conditions, while addition of a weak acid
results in complete silatrane hydrolysis, liberating an equivalent of triethanolamine and

forming three bonds to the silica surface.

Phosphine-boranes were investigated as a method to protect phosphines during
immobilisation onto silica. Reaction of L5 with two equivalents BHszeTHF selectively
produced L5(BHs), rather than the expected L5(BHs).. Reaction of L5(BH3) with
elemental grey selenium produced L5(BHs)Se, indicating that the uncoordinated
phosphine’s lone pair in L5(BHs3) is available for bonding. L17 was observed to undergo
a facile reaction with BH3*THF to selectively form L17(BHs);, suggesting that the
unexpected reactivity of L5 with BH3;eTHF was due to a combination of the unique steric

and electronic properties of the small bite-angle PNP diphosphine.

The immobilisation of pre-formed rhodium complexes [Rh(L5S2)(COD)]BFa,
[Rh(L19)(COD)]BFs, [Rh(L5):]BFs and [Rh(L17):]BFs onto AEROPERL 300/30 silica
(calcined at 200 °C) was performed to produce heterogeneous hydroformylation
catalyst precursors, showing a large suppression in the formation of PV side products

relative to immobilisation of the corresponding phosphines with no metal present.
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The reactivity of Ph,PCl with silica in the presence of NEts was investigated as a low-cost
method of immobilising phosphine ligands on a solid oxide support. The resulting
phosphine-modified silica was reacted with Rh(acac)(CO), to produce a

hydroformylation catalyst precursor in the form of Rh(acac)(CO)PPh,-SiO,.

As a comparison to the silica-immobilised catalysts produced, a polymer supported
catalyst with literature precedent was prepared by complexation of Rh(acac)(CO)2 with
Fibrecat™ PPhs-modified polyethene fibres, in preparation for catalyst testing (see

Chapter 5).
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Chapter 5: 1-Octene
hydroformylation using
homogeneous and silica-
immobilised rhodium and
palladium complex catalysts



5.1 Aims of hydroformylation catalyst testing

The work so far described in this thesis has focused on the development of silica-
immobilised rhodium phosphine and diphosphine complexes. In this chapter, the
performance of these systems as hydroformylation catalysts is investigated, due to their
potential to enable more facile catalyst separation and recycling than current
industrially-used homogeneous catalysts.! To determine the catalytic performance of
these novel catalysts, several key parameters were investigated including catalyst
activity, reaction kinetic profiles, selectivity and stability with respect to metal leaching
(for the heterogeneous systems). Also, a comparison between the immobilised catalysts

and their analogous homogeneous catalysts is of particular interest.

5.2 Homogeneous hydroformylation catalysis results and discussion

5.2.1 Rh-catalysed homogeneous hydroformylation reaction conditions

Rh-catalysed hydroformylation of 1-octene (a convenient and commonly employed
substrate for hydroformylation testing)? was performed in a Parr 300 ml stainless steel
autoclave batch reactor fitted with a Teflon liner, under industry relevant conditions of
90 °C and 20 bar (1:1 H;:CO) pressure, with 0.1 mole percent catalyst relative to
1-octene, in dry/degassed toluene solvent (Scheme 5.1).3 Catalyst, liquid reagents and
solvent were introduced into the autoclave under an argon atmosphere. The autoclave
was then sealed and pressurised/depressurised with synthesis gas (H»:CO = 1:1, 5 bar)
five times, and then finally pressurised with synthesis gas to 20 bar and heated to 90 °C
for one hour. After the reaction was finished, the autoclave was cooled to room
temperature (=1 h) and depressurised. Pressure was maintained throughout the
reactions using a mass flow controller connected to a pressure transducer. The reactor
was stirred using a gas entraining stirrer at 1350 RPM. In all experiments, the only
observed products were Co aldehydes and isomerised octenes (no alcohols or alkanes
detected). To simplify analysis and quantification, internal octene isomers were grouped

during GC analyses.
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0.1 wt% cat.
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Scheme 5.1. 1-Octene hydroformylation reaction conditions used in the screening of

rhodium catalysts in this thesis.

To ascertain a baseline catalyst performance and to enable comparisons to the
literature, preliminary experiments were performed using RhCI(PPhs)s, a well-studied
hydroformylation catalyst (See Section 5.2.2).# Under the reaction conditions mentioned
above, aldehyde production with this catalyst precursor showed a pseudo zero-order
dependence on octene concentration, as determined by GC-FID analysis of the reaction
mixture, with aliquots taken at 15-minute intervals over 1 hour (conversions up to 50%).
This observation of pseudo zero order kinetics has previously been made for similar
reaction conditions in the literature while using a Rh/PPhs catalyst with modified
triphenylphosphine ligands featuring bulky oligomeric silsesquioxane functionalities.” To
investigate whether mass transport effects were the origin of the pseudo zero-order
dependence of aldehyde production on octene concentration, hydroformylation
reactions were performed using varying gas entraining stirrer rotation speeds ranging
from 1000 to 2000 RPM. However, the speed of stirring in this range had no effect on
catalyst activity, suggesting that the system was not suffering from mass transport
limitations due to insufficient gas-liquid mixing. Further evidence for our
hydroformylation reactions not suffering from limiting mass transport effects was later
provided when different catalysts were employed, each showing differing activities

under the same reaction conditions.

5.2.2 Comparison of catalyst performance in homogeneous hydroformylation

Homogeneous 1-octene hydroformylation catalyst testing was performed for the
rhodium complexes described in Chapter 3, alongside RhCI(PPhs3); and
Rh(acac)(CO),/PPhs (Table 5.1).
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Table 5.1. Comparison of homogeneous hydroformylation of 1-octene with various

catalysts.
Catalyst CHO TOF / | CHO selectivity iso-alkene I:b ratio
(numbered ligands h™ atih/% selectivity at
shown) 1h/%
RhCI(PPhs)s 84 39 61 3.0
Rh(acac)(CO), + 2 PPh; 667 91 9 2.5
[Rh(L5),]BF, 65 13 87 2.7
”5:?\ N\
o IPhZ
0 - - -
Rh(acac)(CO), + L12 124 54 46 8.0
[Rh(L17),]BF4 674 55 45 2.7
/o
NSo-s— NS Ph,
o L
Ph,
[Rh(L19)(COD)]BF,4 573 66 34 2.5
/o
N o- —/_\N/\ cy,
g L
Cy,
[Rh(L5S,)(COD)]BF, 240 24 76 1.0
/’\ Ph,
N\/\oc-)\ —/_\N’ g
\\/0' thl\\s

Conditions: 90 °C, 20 bar (1:1 H2:CO), 1-octene (0.032 mol, 5 ml), [1-octene]/[Rh] = 1000, toluene (95
ml), t =1 h, nonane (1 ml, internal standard). Errors: +2-8%; average of 3 runs. TOF values calculated as

moles of the aldehyde produced / (moles of catalyst x time).

Hydroformylation of 1-octene using Rh(acac)(CO); + 2 PPhs (Table 5.1, entry 2) showed

good agreement in terms of aldehyde selectivity, TOF and linear:branched (/:b) ratio
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with results reported by Trzeciak and Alsalahi using the same catalyst (Table 5.2).7 This
good agreement in catalyst performance, despite the slightly different reaction
conditions used in this work and the work by Trzeciak and Alsalahi, suggests that our
experimental set-up was appropriate and performed well. Additionally, 1-octene
hydroformylation using RhCI(PPhs)3 (Table 5.1, entry 1) showed good agreement in
terms of the [:b ratios obtained with results from Wilkinson et al. for the
hydroformylation of 1-pentene, who obtained an /:b ratio of 2.8.* A comparison of our
catalyst activity to that obtained by Wilkinson was not possible, as only a 100%

conversion after 16 h was reported by Wilkinson.

Table 5.2 Hydroformylation of 1-octene using Rh(acac)(CO),/PPhs by Trzeciak and

Alsalahi under various conditions.”

catalyst CHO selectivity | CHO TOF / h I:b ratio
]/ %
Rh(acac)(CO),/PPhs? 92 545 3.6
Rh(acac)(CO),/PPhs° 88 703 4.0

Conditions: 80 °C, 10 bar (1:1 H2:CO), 1-octene (0.01 mol, 1.5 mL), [Rh] (2.3 x 10”° mol), (PPhs = 1.6 x 10*
mol), [1-octene]/[Rh] = 440, [PPhs]/[Rh] = 6.8, t = 1 h.? Toluene solvent (volume unspecified), ® no
solvent.

Once the performance of our hydroformylation set-up was established with
Rh(acac)(CO); + 2 PPhs, hydroformylation experiments using the novel catalyst systems
developed in this work (see Chapter 3) were performed. The complex [Rh(L5)2]BFj,
featuring small bite-angle PNP ligand, L5, displayed a relatively low TOF for aldehyde
formation of 65 h™, but functions as a moderately active alkene isomerisation catalyst
(416 + 21 hY). This is consistent with the recorded performance of the previously
reported catalyst, [Rh(cod)2]OTf/(Ph2P)2NPr, containing a small bite-angle PNP ligand,
which was also found to be more active for 1-octene isomerisation than
hydroformylation.® In that work [Rh(cod),]OTf/(Ph2P),NPr achieved a TOF for aldehydes
of 1920 h'! and octene isomerisation TOF of 11580 h'}, resulting in a low aldehyde
selectivity of 14% (Conditions: 100 °C, 40 bar (1:1 H,:CO), 1-octene (1.27 mol, 200 ml),

Rh =1.90 x 10* mol, data at 50%). However, it was reported that the internal octenes
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produced were converted to aldehydes over extended times (45 h). In the same study,
I:b ratios varied from 3:1 to 4:1 at 50% conversion depending on the conditions used,
decreasing to 2:1 at 100% conversion, as 2-octene underwent hydroformylation, in good
agreement with our data.® The large difference in catalytic activity between [Rh(L5),]BF4
and [Rh(cod)2]OTf/(Ph2P):NPr is unexpected as the proposed active catalyst species
have very similar structures, both HRh(CO)2(PNP) complexes (Figure 5.1). The observed
difference is proposed to be predominantly due to the different reaction conditions
employed where the higher temperature, pressure and 1-octene concentration used
with the [Rh(cod);]OTf/(Ph2P).NPr catalyst are likely to enhance activity. Due to time
constraints, no optimisation of hydroformylation reaction conditions were performed in
our work. However, improvement in catalyst performance through such optimisation is

expected to be possible.

H

Ph rh <O
2 ~~ H

\ — I CO I _.\\CO

Ph,P—Rh
S 2}“ I ~>co

/
Go 5 o~/ Ph,
N/
Figure 5.1. Proposed hydroformylation active catalyst species HRh(CO),(L5) (left) and
HRh(CO),((Ph2P),NPr) (right).

The highest catalyst activity observed from our experiments under our defined
operating conditions (Table 5.1) resulted from using [Rh(L17),]BF4 as the catalyst, giving
a TOF of 674 h™. In addition to its hydroformylation activity, [Rh(L17)2]BF4 was also
shown to be a highly active isomerisation catalyst, giving 45% selectivity to internal
octenes after a one-hour reaction. However, over extended reaction times (24 h),
selectivity for aldehydes increased to >98%, due to hydroformylation reactions gradually
consuming the various octene isomers present in the reaction mixture. As a result of the
hydroformylation of internal octenes, after the first hour of reaction the aldehyde I:b

ratio decreased from 3:1 to 2:1 after 24 h.

A comparison in the catalyst performance of [Rh(L17);]BFawith [Rh(L19)(COD)]BFs, both

of which contain PCNCP ligands (Figure 5.2), shows [Rh(L17):]BF4 to give a moderately
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higher aldehyde TOF and /:b ratio (Table 5.1). Despite this, [Rh(L17)2]BF4 displayed a
lower aldehyde selectivity after 1 h than [Rh(L19)(COD)]BF4, something attributed to a
higher propensity for alkene isomerisation, at the expense of aldehyde formation. The
lower activity of [Rh(L19)(COD)]BFscompared to [Rh(L17);]BFa is likely to be primarily an
electronic effect, due to [Rh(L19)(COD)]BF4 incorporating more Lewis basic PCy. groups
relative to the PPh; groups of [Rh(L17)2]BF4 (see Section 3.2.1 for a discussion on ligands
Lewis basicity quantified via |YJser| coupling constants of corresponding phosphorus
selenides). More electron-rich metal centres are known to suppress CO dissociation
from HRh(P~P)(CO), complexes, thus hindering alkene coordination, which is believed

to be the origin of this reduction in olefin turnover.®

N P NS PN
\\f ; N Ph, \\/0 ; N Cy
© k Ph, © I\ Cy,
L17 L19

2

Figure 5.2. Structures of L17 and L19 (repeated here for clarity).

Out of the novel homogeneous catalyst systems employed, [Rh(L17)2]BF4 has the most
similar catalyst performance to the widely used Rh(acac)(CO),/PPhs catalyst system,
albeit with higher alkene isomerisation rates (Table 5.1). This similar performance of the
two systems is in agreement with the steric-electronic map described in Chapter 3
(Section 3.2.4), where, out of the ligands investigated, L17 was shown to be closest in

steric-electronic space to 2 x PPhs.

A direct comparison of the catalyst performance of [Rh(L17):]BFs with previously
reported PCNCP-ligated catalysts is limited, since there are only a few literature
examples of PCNCP ligands used in hydroformylation. One report describes use of an
electron-poor alkene substrate, vinylmethyldioxane (VMD), (Scheme 5.2, Table 5.3).1°
Hydroformylation of VMD results in a vastly different hydroformylation product
distribution than 1-octene due to the differing electronic characters of the two
compounds, with hydroformylation of VMD favouring formation of the branched
aldehyde. Additionally, alkene isomerisation of VMD is not possible, simplifying the

possible reaction products relative to 1-octene by eliminating internal alkene formation.
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TOFs of aldehyde production were not reported for the hydroformylation of VMD,
although greater than 90% conversion was reported after 4 hours for all experiments.
Reaction times were reportedly not optimised however, so the activity of the catalyst is
unknown. Nevertheless, these data show reasonable agreement with the data from the
hydroformylation of 1-octene using [Rh(L17);]BF4, where 55% conversion to aldehydes
was observed after 1 h, albeit with a five times higher catalyst loading, but at 30 °C lower

temperature relative to the system employing the VMD substrate.

Rh(acac)(CO
N\ F (2cac)CO)2 opc ) OHC. O
+ H,+ COL
2 Toluene + >_<
o o) o)
1° 2°
Ph, /\I}I/\
CNCP = R

Ph,

R=Bn, 'Bu, Pr

Scheme 5.2. Rhodium-catalysed hydroformylation of VMD, using a Rh(acac)(CO)z /
PCNCP catalyst.*©

Table 5.3. Hydroformylation of VMD using a Rh(acac)(CO)2 / PCNCP catalyst system.°

Ligand Selectivity / % Conversion / %
1° 2°
PCNCP®" 28 72 96
PCNCP®™! 27 73 90
PCNCPr 23 77 92

Conditions: [VMD] = 5.0 mmol, [VMD]/[Rh] = 5000, L/Rh = 5, 120 °C, 20 bar syngas pressure, 4 h in

toluene (10 ml).

Another report of the use of PCNCP ligands in hydroformylation investigated the PCNCP-
containing rhodium catalyst, [Rh(PCNCPP")(COD)]BFs;, comparing its catalytic
performance against that of [Rh(dppp)(COD)]BF4, using 1-octene as substrate (Table 5.4,
ligands shown in Figure 5.3).1! The ligand with a nitrogen atom in the backbone,
PCNCPP", was found to give a much higher hydroformylation activity, 240 h%, relative to
dppp, which has a solely carbon atom ligand backbone, 57 hL. In contrast, the /:b ratio

of the aldehydes produced was found to be largely independent of the ligand used. The
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origin of the differing catalytic performance of the two complexes with regard to TOF is
not well understood; however it was tentatively concluded to be an electronic effect,
since the steric bulk around the metal centre imposed by the two ligands is likely to be

comparable.!?

©\I\Il\/\ Ph, (\ e

PCNCPPh dppp

Figure 5.3. Structures of PCNCP" and dppp.**

In our work, a comparison of [Rh(L17)2]BF4 with [Rh(PCNCPP")(COD)]BF4 shows a much
higher activity for the [Rh(L17)2]BF4 system (674 hl, I:b = 2.7:1). These differences are
likely predominantly due to the differing reaction conditions employed for the two
catalysts, with [Rh(L17),]BF4 investigated at a higher temperature, but lower pressure
(90 °C, 20 bar syngas). A more detailed comparison of the performance of the two
catalysts is not possible due to the limited experimental detail reported for the
[Rh(PCNCPP")(COD)]BF; catalyst (catalyst loading and volume of solvent used not
reported). Further discussion of the novel phosphine-ligated homogeneous
hydroformylation catalysts considered in this Section, such as the [Rh(L17);]BF, is

provided in Section 5.6 where they are compared to their heterogeneous analogues.

Table 5.4. Hydroformylation of 1-octene using a [Rh(COD);]BF4 / P/P catalyst system.?

Ligand TOF/h? I:b ratio
PCNCP™ 240 1.6:1
dppp 57 1.7:1

Conditions: 60 °C, 100 bar syngas pressure (CO:Hz 1:1), 18 h in toluene (volume unspecified).
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5.2.3 Sulfur donor ligands in homogeneous hydroformylation catalysis results and

discussion

The application of sulfur donor ligands in hydroformylation remains a poorly explored
area of research, particularly with regards to neutral, bidentate sulfur ligands.
Therefore, the catalytic performance of sulfur donor ligand-containing catalyst,
[Rh(L5S2)(COD)]BF4 (Figure 5.4), in 1l-octene hydroformylation was of interest.
Hydroformylation using [Rh(L5S2)(COD)]BF4 showed good catalytic activity of 240 h™,
significantly higher than its sulfur-free analogue [Rh(L5)2]BF4 (note: SAS bite angle in L5S;
= 96°, PAP bite angle in L5 = 70°).

252 s
Ng\\o /_\—N< R -

N AR

N2

Ph,

/o o % o 0\
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\_o Np T Yo

\l/

Figure 5.4. Structures of [Rh(L5S2)(COD)]BF4(top) and [Rh(L5),]BF4 (bottom).

Compared to the phosphine ligands investigated in this work [Rh(L5S2)(COD)]BF4
resulted in a much lower I:b ratio after 1 h of 1:1 rather than =3:1. This /:b ratio was
shown to steadily decrease over the course of the reaction, starting from 2.5:1 at 15
minutes, and is a result of significant hydroformylation of internal alkenes as the
reaction progresses. A high alkene isomerisation activity of 2161 + 70 h~tis likely a major
factor in the low I:b ratio obtained, which resulted in 76% conversion to internal alkenes
after 15 minutes. After this time, the percentage of internal octenes in the reaction
mixture was found to remain approximately constant due to similar rates of 1-octene
isomerisation and hydroformylation of internal octenes. As a result of the high
isomerisation and hydroformylation activity of [Rh(L5S2)(COD)]BF4, 2-ethylheptanal and
2-propylhexanal were also observed by GC-FID analysis, unlike for all the phosphine

complex-catalysed reactions investigated in this work (Scheme 5.3).
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20 bar CO / H,
[Rh(L5S,)(COD)]BF,
toluene, 110 °C

isom. isom. isom.

HiCon N NF ==l == Ml =— H7C3/\/C3H7
I1-octene 2-octene 3-octene 4-octene
hyd. hyd. hyd. hyd.

_C

HoCan o~ H9C4\/\( O C4H9W
i
0 0% H H9C4\)\/ T

1-nonanal 2-methyloctanal 2-ethylheptanal 2-propylyhexanal

hyd. = hydrofromylation
isom. = isomerisation

Scheme 5.3. Formation of various aldehyde isomers during the hydroformylation of

1-octene using [Rh(L5S2)(COD)]BF..

Literature examples of sulfur-ligated metal centres for hydroformylation are sparse,
particularly for neutral, bidentate sulfur ligands in monometallic complexes.!?
Additionally, literature on the use of sulfur ligands in hydroformylation typically employs
additional ligands, such as PPhs; or P(OMe)s, to improve catalyst activity and selectivity,
with phosphine ligands required to initiate any catalytic activity in some cases.'?!3 One
example from the literature is the chiral complex [Rh(COD)(Mezbinas)]BF4, which was
investigated for the hydroformylation of styrene and showed complete selectivity for
aldehydes, with up to 93% selectivity for the branched-aldehyde isomer at low
temperatures and high pressures (Figure 5.5, Table 5.5).141° Since the alkene in styrene
cannot be isomerised, the alkene isomerisation ability of this catalyst does not appear
to have been investigated. Additionally, as a TOF for hydroformylation was not reported,
comparisons in performance with that of [Rh(L5S2)(COD)]BF4 are limited. Nevertheless,
the catalytic performance of [Rh(L5S2)(COD)]BFs4 is competitive with our phosphine-
ligated systems (e.g., [Rh(L5)2]BF4), showing promise for application as an immobilised

catalyst (see Section 5.3.2).
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Figure 5.5. Structure of Mesbinas.

Table 5.5. Hydroformylation of styrene using [Rh(COD)(Mezbinas)]BF4.**

P/ bar T/°C t/h | Conversion/% b-selectivity / % ee/%

1° 30 80 24 98 51 6

2b 80 40 3 60 93 3

Conditions: THF solvent, (1:1 H2:CO), styrene/Rh = 400. ® Rh/(SAS) = 1/1. ® Rh/(S7S) = 1/4.

5.2.4 [Rh(P"P).]BF, catalyst induction periods

During the hydroformylation of 1-octene catalysed by [Rh(L5)2]BFsand [Rh(L17):]BF4 a
~25 min induction period was observed before any catalysis occurred, whereas no
induction period was observed when using catalysts [Rh(L19)(COD)]BFs or
[Rh(L5S2)(COD)]BF4 (Figure 5.6). The origin of this induction period is explained by
formation of the active catalyst species from [Rh(PAP),]BFs pre-catalysts requiring
dissociation of one diphosphine ligand to enable octene coordination (Scheme 5.4).16:17
The formation of the hydride carbonyl has been reported to take up to 2 h for [Rh(PAP)2]*
cations in the literature (under 20 bar syngas 1:1 CO:H, at 60 °C in toluene, PP = (25,4S)-

bis(diphenylphosphine)pentane, see Section 3.3.6).1®

187



0.018 -

E 0.015 - 119 = _l_
o
= N\/\O-\ —/_\N/\ Cy.
© 0.012 1 ¢ L ’ 1
S <y,
8 0.009 T
o
g 117 =
S 0.006 -
>
o J NG:(-)‘ /N
E \\/ y ’
< 0.003 T L on
T 1 ‘
0 T I T T T T T
0 10 20 30 40 50 60
Time / mins

Figure 5.6. Co aldehyde production over time for the hydroformylation of 1-octene with
blue: [Rh(L19)(COD)]BFs and : [Rh(L17):]BF4. Conditions: 90 °C, 20 bar (1:1
H2:CO), [1-octene]/[Rh] = 1000, in toluene.
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Scheme 5.4. Proposed catalyst activation of [Rh(L5),]BF4 (top) and [Rh(L17),]BF4 under

hydroformylation conditions.

In contrast to the observed behaviour of [Rh(L5):]BF4+ and [Rh(L17).]BFs under
hydroformylation conditions, for which formation of an active catalyst species took ~25
min, experiments employing [Rh(L12);]BF4 resulted in no catalytic activity under the
reaction conditions employed. It is proposed that this is due to L12 dissociation not
occurring, preventing formation of an active catalyst species (Scheme 5.5). To
investigate this, the catalyst Rh(L12)(acac) was generated in situ from a 1:1 mixture of
Rh(acac)(CO); and L12, with the resulting species showing a modest TOF of 124 h™, but
high I:b ratio of 8. This result indicates that [Rh(L12),]BF. is indeed inactive for catalysis
due to very slow dissociation of L12, since catalytic activity was observed when the
stoichiometry of phosphine present was reduced, which would inhibit the formation of

[Rh(L12);]BFa4. The difference in catalyst induction behaviour between [Rh(L5);]BF4 and
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[Rh(L12);]BFs is unexpected, since both catalysts have similar structures (both
containing PNP ligands). The observed difference in reactivity is therefore likely due to
the difference in electronics character of the ligands in each complex, with the

phosphoramidite ligand, L12, being a weaker Lewis base than L5 (see Section 3.2.1).

H,/CO
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[¢) 1y, +“\\ n,, |
N O—: /\/\Ni /._Rh__\ :N/\/\ :_ /\/N + N 0—: /\/\Ni /‘th—co
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Scheme 5.5. Attempted catalyst activation of [Rh(L12),]BF4 under hydroformylation

(OAr), = (s)

conditions (90 °C, 20 bar (1:1 H:CO), [1-octene]/[Rh] = 1000, in toluene).

5.2.5 Hydroformylation activity comparison of PNP- and PCNCP-containing catalysts

The low activity of the PNP ligand-containing catalysts, lower than that of RhCI(PPhs);
([Rh(L5)2]BF4 TOF = 65 h't, RhCI(PPhs3)s TOF = 84 h'1), which is known to have its rate
suppressed by the presence of halide, and much lower than ([Rh(L17):]BF4
(TOF = 674 h'Y), is unexpected. One possible explanation for this low activity could be
the formation of inactive dimers under hydroformylation conditions. Rhodium complex
dimerisation is a widely known and common pathway for rhodium hydroformylation
catalyst deactivation, and is particularly prevalent under low hydrogen pressure and
high rhodium concentrations (Scheme 5.6).18 Indeed, the unique chemistry of small bite-
angle PNP ligands, such as L5, is known to favour forming dimeric species with many
different metal centres under different reaction conditions by acting as a bridging
ligand.'® For example, bis(dppa)platinum(ll) complexes have been shown to gradually
convert to dppa-bridged platinum dimers when they are left to stand in a DCM solution

(Scheme 5.7).%°
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Scheme 5.7. Slow dimerisation of [Pt(PNP)2]Cl, complexes in solution.?°

Additionally, cationic rhodium(l) dimers featuring terminal and bridging PNP ligands, of
the type [Rh2(PNP)2(u-PNP)2]%*, have been previously synthesised with various counter
anions (Figure 5.7).2%22 It was shown that formation of these dimeric species could be
controlled by the steric bulk of the PNP ligands employed. When methylamine PNP
ligand, MeN(P(OMe);),, was reacted with various rhodium precursors, such as
[RhCI(COD)]2 or [Rh(COD)(acetone);]Cl04, [Rh2(PNP)2(u-PNP)2]** was found to form
selectively in all cases, regardless of whether the ligand to metal ratio used was 1:1 or
2:1. Meanwhile, analogous reactions with a more bulky phenylamine PNP ligand,
PhN(P(OMe),),, resulted in mononuclear rhodium complexes, as was also observed

during the synthesis of L5 and L12 in this work.??

R 2X
(Me0), (MeO); N_(OMe), (OMe),
1, i I,,' ot ~
R—NT _RW R TN—R
(MeO), (Me0)2a| (OMe), (OMe),
R=Me,Ph  X=Pr;", BPh; , ClO,”, F3CSO,

Figure 5.7. Structure of previously reported [Rhz(PNP)2(u-PNP);]** rhodium(l) cations

with various counter anions.
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Interestingly, the different ligand bite angle between the PNP- and PCNCP-containing
catalysts [Rh(L5).]BF4 and [Rh(L17):]BF4 does not appreciably affect the I:b ratio of the
aldehyde products produced (both 2.7:1) under the reaction conditions investigated
(see Section 5.2.2, Table 5.1). Typically, larger bite angle ligands result in higher aldehyde
I:b ratios, something that is generally attributed to more favourable (eq),(eq), rather
than (eq),(ax) phosphine coordination of the rhodium centre in the catalyst, which in
turn has both a steric and electronic impact upon product regiochemistry.?* However, a
complex combination of factors are likely to also play a significant role is the resultant
aldehyde regioselectivity of rhodium-catalysed hydroformylation.?3 Indeed, our results
suggest that ligand bite angle is not the only factor controlling aldehyde I:b ratio in our

experiments.

5.3 Heterogeneous hydroformylation catalysis results and discussion

5.3.1 Rhodium-catalysed heterogeneous hydroformylation reaction conditions

Investigation of the catalytic performance of the heterogeneous catalysts described in
Chapter 4 for hydroformylation required implementation of an adapted experimental
procedure to that used for homogeneous catalysis testing discussed in Section 5.2. To
introduce the catalyst into the autoclave the autoclave was first assembled and purged
with argon, before being unsealed and the solid catalyst quickly added from a nitrogen-
filled vial. The autoclave was then re-sealed and evacuated and backfilled with argon
before liquid reagents were added via the septum inlet. Otherwise, the
hydroformylation reaction procedure was the same for the homogeneous and
heterogeneous catalysts. Note that the average particle size of the AEROPERL 300/30
silica used was 20-60 um, and that stirring was sufficient to generate a fine dispersal of
the material during analysis.?* A test reaction showed that unmodified silica displayed
no catalytic activity for 1-octene hydroformylation or isomerisation under the conditions

employed (90 °C, 20 bar (1:1 H2:CO), in toluene).
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5.3.2 Heterogeneous hydroformylation catalyst activity comparison

Heterogeneous hydroformylation catalyst testing was performed for the silica-
immobilised rhodium complexes described in Chapter 4, alongside a previously reported
Fibrecat™-immobilised catalyst (Table 5.6, entry 1).2°> Fibrecat™ is a polyethylene fibre

grafted with triphenylphosphine ligands (see section 4.15).

Table 5.6. Heterogeneous hydroformylation of 1-octene using various catalysts.

Catalyst CHO TOF / CHO I:b ratio | [1-octene]/[Rh]
(ligands shown) h? selectivityat | atlh
1h/%
Fibrecat™ + 114 81 3.1 295
Rh(acac)(CO),

O = polyethylene

Rh(acac)(CO) + 200 31 3.0 441

silica-PPh>

OH
0—FPh,

Silica
support
OH

Sil-[Rh(L5),]BF4 135 15 2.9 1553

N//: O /T
\\/ y

I
o Ph,

Sil-[Rh(L17),]BF,4 682 75 2.6 2353

Sil-[Rh(L19)(COD)]BFs4 384 50 2.6 2666

/o
N/ o-! —/_\N/\ cy.
\\i\,o' L ’

Cy,

Sil-[Rh(L5S2)(COD)]BFa4 212 26 1.1 1004

o Ph,
N\/\o-: —/_\N’ S5
A

1
o Ph,Ps

~s

Conditions: 90 °C, 20 bar (1:1 H2:CO), 1-octene (0.032 mol, 5 ml), toluene (95 ml), t =1 h, nonane (1 ml,

internal standard). Errors £2-9%; data in table calculated as an average of 3 separate runs.
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Previously, a Fibrecat™/Rh(acac)(CO); catalyst has been reported by Zeelie for the
hydroformylation of ethene in a fixed bed reactor, and showed up to 96% selectivity for
propanal (with 4% ethane produced).” The reaction conditions used were 5 bar
pressure at 110 °C, with a feed flow of 7 I/h consisting of 1:2:2:2 molar ratio of Ar, CO,
H> and CyHa. The catalyst loading was 0.5 g (3.0 to 7.7 wt.% Rh), and the reaction time
20 h.® In our hands, using the same Fibrecat™/Rh(acac)(CO), catalyst for the
hydroformylation of 1-octene in a batch reactor using the conditions described (Table
5.6), we observed a lower selectivity for aldehyde production than was reported by
Zeelie of 81% (19% internal octenes). This lower selectivity for aldehydes is
predominantly due to 1-octene isomerisation to internal alkenes, which undergo
significantly slower hydroformylation, whereas ethene cannot isomerise. Additionally,
it must be noted that, as a result of its much smaller size than octene, the coordination
of ethene to a metal centre during hydroformylation catalysis is less constrained by the
steric demands of the complex, which is likely to have an effect on the regiochemistry

of the resulting aldehydes produced.?®

A comparison of hydroformylation catalyst performance for the polymer-supported
Fibrecat™/Rh(acac)(CO). and silica-supported silica-PPh/Rh(acac)(CO)z in our work
shows several interesting findings. Notably, the silica-PPh,-supported catalyst exhibited
almost twice the activity for aldehyde production than the Fibrecat™-supported system,
200 + 18 vs 114 + 8 h7l. However, the selectivity for aldehydes of the silica-
PPh,/Rh(acac)(CO), catalyst was significantly lower than the Fibrecat™/Rh(acac)(CO),
catalyst at 31% relative to 81%, something resulting from the high alkene isomerisation
activity of the silica-supported system. This difference in catalyst performance could
originate from the different properties of the supported phenyl phosphine ligands. The
silica-supported phosphine is likely to be more electron-deficient and sterically hindered
than the Fibrecat™-supported phosphine, as the phosphorus atom is directly bound to
thessilica surface through an electron withdrawing Si-O-P linkage, resulting in a Si-O-PPh;
functionality, as was determined by 3!P SS NMR (see Section 4.13). Meanwhile, the
Fibrecat™-supported PPhs is connected to the support via one of its phenyl groups,

providing an aryl spacer between the phosphorus donor atom and the support surface.
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Overall, the catalyst testing results of the heterogeneous systems prepared as part of
this project (Table 5.7) show a similar trend in catalyst activity and selectivity to their
analogous homogeneous catalysts (see Section 5.4). The PCNCP-containing catalysts, Sil-
[Rh(L19)(COD)]BF4 and Sil-[Rh(L17):]BF4, gave significantly higher TOFs than the PNP-
containing catalyst, Sil-[Rh(L5)2]BFs, and the sulfur-donor-ligand-containing Sil-
[Rh(L5S2)(COD)]BF4, with Sil-[Rh(L17),]BF4 providing the best overall catalyst activity of
682 + 48 h™L. In order to assess the overall most effective immobilised hydroformylation
catalyst, the stability and lifetime of the catalyst also has to be considered alongside

activity and selectivity (see Sections 5.3.4 and 5.3.5).

5.3.3 Homogeneous vs heterogeneous [Rh(P/P);]BF, catalyst induction period

comparison

Interestingly, the catalysts Sil-[Rh(L5)2]BF4 and Sil-[Rh(L17);]BF4 exhibited significantly
shorter induction periods than their homogeneous analogues, as summarised in Figure
5.8, which compares [Rh(L17)2]BF4 with Sil-[Rh(L17)2]BFa4. As discussed in Section 5.3.1,
based on previous reports in the literature, the origin of the induction period prior to
the onset of catalysis is likely to correlate with the time required to displace one
equivalent of diphosphine in order to form the active catalyst species, which contains
only one bidentate phosphine ligand (Scheme 5.8).1627 It is not readily apparent why this
process is more facile while [Rh(L5);]BF4 and [Rh(L17),]BFs are immobilised on silica,
however. One factor to consider is that immobilisation is likely to deter formation of
inactive dimeric species, which could impact the activation of these catalysts (as

discussed in Sections 5.2.4 and 5.4).

Unfortunately, understanding the formation of an active catalyst species from Sil-
[Rh(L5);]BFs and Sil-[Rh(L17)2]BF4 is complicated by the fact that SS 2°Si NMR
spectroscopic analysis of the pre-catalysts could not determine whether silica-
immobilisation was achieved via one or both phosphine ligands (see Section 4.12.3). As
a result, two pathways to form the active, immobilised catalysts species from Sil-
[Rh(L5)2]BF4 and Sil-[Rh(L17),]BF4 are possible depending on the silica-immobilisation
mode of the complex (Schemes 5.8 and 5.9). Further complications arise since the

location of the immobilised complexes is also uncertain, with immobilisation on the
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external silica surface or inside the silica pore structure both possible (Figure 5.9). Note,
the dimensions of the molecular structure of [Rh(L5)2]BFs, 19 A x 10 A x 9 A, suggest that
it can diffuse inside AEROPERL 300/30 silica (average pore diameter 260 A). A
combination of these possible binding modes and locations on the silica means that
understanding the exact catalyst species produced during catalysis, and their formation
pathway is difficult. As a result, understanding the origin of the difference in the length
of induction of [Rh(L5);]BFs4 and [Rh(L17);]BFs compared to Sil-[Rh(L5),]BFs and Sil-
[Rh(L17):2]BF4is very challenging.
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Figure 5.8. C9 aldehyde production over time for the hydroformylation of 1-octene with

: silica-supported [Rh(L17)2]BFsand blue: [Rh(L17)2]BFa.
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Figure 5.9. Possible silica binding modes of Sil-[Rh(L5),]BF4 and Sil-[Rh(L17),]BF .

Previously, several factors have been shown to affect the length of induction periods for
hydroformylation catalysts of different types, including temperature, syngas pressure,
rhodium concentration and the presence of additional ligands and halides.*®2832 |t s
possible that these factors could also contribute to the reduced induction periods of the
catalysts [Rh(L5),]BF4 and Sil-[Rh(L17),]BF4 once silica-immobilised. For example, Sil-
[Rh(L5)2]BF4 and Sil-[Rh(L17)2]BF4 could potentially experience an artificially high syngas
pressure within the silica pore structure, which may promote ligand exchange of the
immobilised rhodium complexes. This can be rationalised by the fact that hydrogen
(uptake 2.0 wt.% at 45 bar, 77 k), and carbon monoxide (uptake 2.7 wt.% at 5 bar,
298 k) have both been shown to physisorb to porous silica by weak interaction with silica
surface silanols, potentially enhancing their local concentration at the silica surface.3334
The potential for this effect to occur is largely dependent on the location of the

immobilised rhodium complexes on/within the silica support material, however, as it
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much more likely to be a significant effect inside the silica pore structure than on the

external silica surface.

Another potential cause of the reduction in induction period of the silica immobilised
catalysts relative to that of their homogeneous analogues is the presence of additional
species able to act as ligands on the silica surface. 3P SS NMR spectroscopic analysis of
Sil-[Rh(L5),]BF4 and Sil-[Rh(L17);]BFs pre-catalysts indicates the presence of small
amounts of immobilised phosphine oxide species, formed as side products of
immobilisation (see Chapter 4), which could potentially interact with the immobilised
rhodium. Indeed, the presence of phosphine oxides, such as PhsPO, have been shown
to reduce induction periods for the formation of the active hydroformylation catalyst
HCo(CO)4 from Co2(CO)s under mild conditions, unlike phosphines.3! It is unknown,
however, whether surface-immobilised phosphine oxides would be physically close
enough to interact with immobilised rhodium complexes or if they would have a similar
effect of reducing induction periods for rhodium catalysts as with Coy(CO)s. Other
potential ligands present on the silica surface include silica surface silanols, and alcohols
produced by partial hydrolysis of silatranes upon silica-immobilisation of the rhodium
complexes. These functionalities could also potentially interact with the immobilised
rhodium centres and influence the catalyst formation pathway, and are likely to be more
accessible than immobilised phosphine oxides. For example, silica surface silanols have
been previously shown to tether RhCos3(CO)i2 clusters onto a silica surface by
nucleophilic attack at cobalt.®> This suggest that interactions between silica surface
silanols and metal complexes may also be possible in our systems and could potentially
affect the length of catalyst induction periods. It is important to note that in our work
31p and °Si SS NMR spectroscopic analysis did not indicate the presence of any directly
surface bound rhodium species via Rh-O linkages in any of our catalyst precursors,
however. Work by van Leeuwen et al. showed that silica-immobilisation of a rhodium
Xantphos complex also resulted in no ionic silica-rhodium interactions, unlike when
Rh(acac)(CO), was added directly to a phosphine-functionalised silica (see Section 1.16),

in good agreement with the immobilised catalysts investigated in our work.3®
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Without additional studies, it is not possible to determine the origin of the significantly
shorter catalyst induction periods exhibited by Sil-[Rh(L5);]BFs and Sil-[Rh(L17),]BF4

than their homogeneous analogues (see Future work).

5.3.4 Investigating rhodium loss from heterogeneous catalysts during

hydroformylation reactions

Investigations were conducted to assess the stability of the supported catalysts by
determining the loss of rhodium from the support into the reaction solution over the
course of a 1 h hydroformylation experiment. To achieve this, a sample of the reaction
solution was collected via the autoclave dip tube after catalysis and analysed by ICP-OES
analysis at Durham University, to quantify the amount of solubilised rhodium lost from
the support after a 1 h hydroformylation experiment. The results of these experiments
are summarised in Table 5.7 alongside initial catalyst loadings (see Section 4.16). To
prepare the collected reaction solution for ICP-OES analysis, the sample was filtered to
ensure no solid catalyst was present, then dried in vacuo and the residue dissolved in

HCI (see experimental section for further details).

The Fibrecat™-supported sample showed the smallest amount of leaching at 0.72%,
despite the rhodium being coordinated by monodentate ligands rather than the
bidentate ligands used for the majority of the catalysts investigated. This contrasts with
our prediction of bidentate ligands improving the stability of the immobilised catalysts,
suggesting that other factors may also be important in controlling catalyst stability with
respect to metal leaching from phosphine-immobilised hydroformylation catalysts. It is
likely that the chemical nature of the support plays a key role in the catalysts resistance
to rhodium leaching in this case. The polyethene Fibrecat™ support is expected to be
much more inert than the silica supports, as it does not possess any functionality that is
likely to react with phosphines or phosphine rhodium complexes, which may aid overall
catalyst stability. A strong argument for this is the fact that, as described in Chapter 4,
the synthesis of silica-immobilised phosphines was very challenging due to phosphine
oxidation caused by side reactions with the silica support. Although this effect was

suppressed when the phosphine was complexed by rhodium before immobilisation of
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the resulting complex, it is unknown if the formation of unidentified PV species, due to
the reaction of immobilised phosphines with the silica support, could be

observed/promoted under hydroformylation reaction conditions.

Table 5.7. Heterogeneous catalyst rhodium leaching after 1 h hydroformylation

reaction.
Catalyst Catalyst Catalyst Rhodium Rhodium
rhodium loading rhodium leached/ | leached/ %
/ mg loading / Wt. % mg
Fibrecat™ + 11.2 4.46 0.08 0.72
Rh(acac)(CO):
Rh(acac)(CO): + silica- 7.5 2.49 2.16 29
PPh;

Sil-[Rh(L5)2]BF4 2.1 0.53 0.03 1.4
Sil-[Rh(L17),]BF4 14 0.35 0.02 14
Sil-[Rh(L19)(COD)]BF4 1.2 0.31 0.42 34
Sil-[Rh(L5S2)(COD)]BF4 3.0 0.76 0.09 3.0

Note: A standard mass of the different catalysts was used in the hydroformylation experiments because
the rhodium content of the catalysts was not known at the time (400 mg for silica catalysts, 250 mg for
the Fibrecat™ catalyst, 300 mg for Rh(acac)(CO)a + silica-PPhz). Errors: catalyst rhodium content + 0.02%,

rhodium leached + 0.1%.

Another consideration in the comparatively low rhodium leaching observed for the
Fibrecat™-supported rhodium system is the excess of uncoordinated “PPhs” on the
support, as evidenced by 3!P SS NMR spectroscopic analysis of the sample before
catalysis ([Rh]/[P] = 1:3). During catalysis these free “PPhs” sites could potentially
capture any released rhodium species and prevent them from leaching from the system
in what amounts to a “release and capture” type process. The best performing silica-

supported catalysts with respect to leaching, Sil-[Rh(L5)2]BF4 and Sil-[Rh(L5)2]BF4, could
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also potentially benefit from this “release and capture” effect to a lesser extent due to
them each containing two equivalents of diphosphine per rhodium centre, whereas Sil-

[Rh(L19)(COD)]BF4 and Sil-[Rh(L5S;)(COD)]BF4 have a 1:1 ratio of immobilised ligand to

Q = polyethylene

Figure 5.10. Structure of Fibrecat™ (repeated here for clarity).

rhodium.

Itis possible that several other factors could also contribute to the leaching performance
of the catalyst for the silica-supported catalysts. These include the type of silica used
and any pretreatment, the silica functionalisation reaction type and conditions, and the
identity of the immobilised rhodium complex. However, these factors were not

investigated in this work and remain areas of potential future interest (see Future work).

Both the silica-PPh,-supported catalyst and Sil-[Rh(L19)(COD)]BF4 system showed high
leaching of rhodium from the support, 29% and 34% respectively, indicating poor
catalyst stability. For the silica-PPh;-supported catalyst the large steric demand of the
silica-bound phosphine may hinder strong coordination to rhodium, resulting in facile
loss of rhodium from the surface. This contrasts to the Fibrecat™-supported catalyst
(Figure 5.10) where the steric hinderance of the support is likely to be less due to the
aryl spacer between the support backbone and phosphine donor centres. Meanwhile,
electron-rich phosphines, such as L19, are known to be more susceptible to oxidation
reactions than less electron-rich phosphines, which may increase their susceptibility to
decomposition on silica.3” However, due to time constraints and the difficulty in isolating
the catalyst in an air-sensitive manner back out from the autoclave, no post-catalysis
catalyst characterisation was performed in order to try and elucidate the decomposition

pathways of the catalysts used in this work.

The high levels of rhodium loss from silica-PPh2/Rh(acac)(CO); and Sil-[Rh(L19)(COD)]BF4
during hydroformylation of 1-octene are similar in magnitude to the rhodium leaching

reported for the hydroformylation of cyclohexene with a silica-immobilised Wilkinson’s
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catalyst (Figure 5.11, top), where 41% of rhodium was lost after a 20 h reaction.38 In
contrast, a previously reported modified Wilkinson’s catalyst immobilised via a sulfur
donor (Figure 5.11, bottom) was shown to be more resistant to leaching, resulting in
13% rhodium loss after 20 h under the same conditions (100 °C, 28 bar (1:1 H»:CO),
cyclohexene (12 ml), THF (55 ml), t = 20 h).3® In contrast, in our work, the sulfur-ligated
catalyst, Sil-[Rh(L5S2)(COD)]BF4, showed 3.0% rhodium leaching after 1 h, whereas Sil-
[Rh(L5)2]BF4 showed 1.4%.

N
silica 1 —/;} —RhCI(PPh

support

e _O
Silica _0> ﬂs—Rh (PPhs),

support

Figure 5.11. Immobilised Wilkinson’s catalyst analogues for hydroformylation of

cyclohexene using modified phosphine and thiol donor motifs.38

Superior resistance to leaching than the previously mentioned immobilised Wilkinson’s
catalysts has been reported in the literature for a silica-immobilised RhCI(CO)(PPhs);
catalyst, tethered via a PPh; moiety attached to the silica surface via alkyl chains of
various lengths C3-Ci1; (Figure 5.12) (Table 5.8).3° The extent of rhodium leaching was
shown to decrease to a minimum of 2.9% over 8 catalyst recycles as the alkyl spacer was
increased to the maximum, C11. A comparison of the rhodium loss after one cycle of Sil-
[Rh(L5)2]BF4 and Sil-[Rh(L17);]BF4, both 1.4%, to Sil-Cs-PPh>-RhCI(CO)(PPhs) (0.41%)
shows lower levels of rhodium loss for the literature system. Note that in these examples
the length of the immobilisation tether is similar (5 atoms between Si and P for Sil-
[Rh(L17)2]BF4 and Sil-Cs-PPh,-RhCI(CO)(PPhs), 4 atoms for Sil-[Rh(L5)2]BF4). A possible
explanation for this difference in rhodium leaching between Sil-[Rh(L5)2]BF4/Sil-
[Rh(L17)2]BF4, and Sil-Cs-PPh2-RhCI(CO)(PPhs) is the large excess of immobilised ligand
employed relative to rhodium used in the Sil-Cx-PPh2-RhCI(CO)(PPhs) systems resulting
from phosphine modification of the silica support prior to rhodium complexation. As

mentioned earlier in this section, using a large excess of ligand is potentially an
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important factor in preventing rhodium leaching, through a “release and capture” type
process. To enable a more full comparison of the leaching behaviour of Sil-[Rh(L5)2]BF4
and Sil-[Rh(L17),]BFs, to Sil-Cs-PPh,-RhCI(CO)(PPhs), additional studies on the rhodium
loss of Sil-[Rh(L5)2]BF4 and Sil-[Rh(L17),]BF4 over several catalyst runs is required (see
Future work) to assess the long-term stability to rhodium leaching of these catalysts.

-th—CO

Su ort n
pp o/

(o]
ope \
Silica 0

n=1,3,5,8,11

Figure 5.12. silica-immobilised RhCI(CO)(PPhs), catalysts immobilised via different

length alkyl chains.3®

Table 5.8. Rhodium leaching from silica-immobilised RhCI(CO)(PPhs); catalysts with

varying length alkyl chain tethers after 1-octene hydroformylation.3°

Catalyst Catalyst cycle Total rhodium Rhodium leaching
times leaching / % per cycle / %
Sil-C1-PPh2-Rh 3 4.0 1.30
Sil-C3-PPh2-Rh 8 3.8 0.48
Sil-Cs-PPh2-Rh 8 33 0.41
Sil-Cg-PPh2-Rh 8 3.0 0.38
Sil-C11-PPh2-Rh 8 2.9 0.36

Conditions: 120 °C, 50 bar (1:1 H2:CO), 1-octene (0.032 mol, 5 ml), toluene (15 ml), t = 1 h, isopropyl

alcohol (1 ml, internal standard). Rhodium leaching determined by ICP-MS.

5.3.5 Sil-[Rh(L17)2]BF4 catalyst recycling study

In order to study catalyst lifetimes, a recycling experiment was performed where the
same Sil-[Rh(L17),]BF. catalyst was reused five times. Recycling was performed by
allowing the solid catalyst to settle out on the autoclave bottom at the end of the
reaction, then siphoning off the liquid fraction from the autoclave via the catalyst dip

tube. For each run conversion to aldehydes at one hour was calculated using GC-FID
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data (Figure 5.13). Unfortunately, this method could not ensure that no catalyst was lost
between runs. Fresh toluene, octene and nonane internal standard were then added for
each run. After addition of fresh reagents to the autoclave for each run, gas
chromatography was performed on an aliquot of the reaction mixture to ensure that the
initial reaction mixture was consistent for each run and that product accumulation in
the autoclave was not occurring (e.g. that all the previous reaction mixture was
successfully removed).*° Sil-[Rh(L17)2]BF4 was selected as the catalyst for the recycling
experiments as it provided the best performance in terms of catalyst activity, selectivity

and resistance to leaching of the novel catalysts investigated.

40 -
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Figure 5.13. 1-Octene conversion to aldehydes using Sil-[Rh(L17),]BF4 as a function of
catalyst recycle (some loss of catalyst during GC sample collection and recycling
expected). Conditions: 90 °C, 20 bar (1:1 H,:CO), 1-octene (0.032 mol, 5 ml), toluene (95
ml), t =1 h, nonane (1 ml, internal standard), Sil-[Rh(L17),]BF4(400 mg, 0.35 Wt.% Rh).

The preliminary recycling study shows a consistent conversion to aldehydes of 33% for
the first two catalysis runs, followed by a large decrease to 13% during run 3, with
aldehyde conversion reducing further to 8% after 5 runs, approximately one quarter of
the conversion delivered by the fresh catalyst. In the first run the induction period
observed for bis(diphosphine)-containing catalysts needs to be considered, which will
result in a lower-than-expected turnover for the first catalyst run (See section 5.2.4).
Overall, these results suggest poor recyclability of the catalyst; however these

experiments were performed with no optimisation of the reaction conditions or of the
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method of catalyst recovery. Additionally, it is possible that some catalyst could be lost
upon each recycle and subsequent GC sample collection, which would result in a lower
than expected catalyst turnover on subsequent runs; however an alternative method to
separate the catalyst from the reaction mixture without exposure to air could not be

established for our reactor set-up in a reasonable time frame.

In comparison to the results obtained for recycling Sil-[Rh(L17)2]BF4, the previously
reported by van Leeuwen hydroformylation of 1-octene using a silica-immobilised
catalyst grafted via a bidentate NiXantphos ligand, prepared using the sol-gel method
(Scheme 5.10), showed no reduction in conversion until the 4™ cycle, where a 38%
reduction in catalyst TOF was observed.3® Alternatively, when the catalyst was prepared
by post-synthetic surface modification of silica, a 38% reduction in catalyst TOF was
observed on the 3 cycle. These catalyst recycling experiments were performed by
removing the reaction solution from the solid catalyst (located in the autoclave) with a
1.2 mm syringe, then washing the catalyst with 5 mL of toluene, before addition of fresh
reagents to the autoclave for subsequent catalysis. These recycling experiments were
performed at lower temperature (80 °C), higher pressure (50 bar 1:1 H>:CO), and with a
larger ratio of ligand to rhodium (10:1) than for the recycling Sil-[Rh(L17)2]BF4, all of
which have been shown to improve catalyst stability for various hydroformylation
catalyst systems in the literature.3442 Optimisation of the hydroformylation reaction
conditions, such as reaction temperature and pressure, alongside catalyst recovery
method remains an area of future interest in our work, using catalyst Sil-[Rh(L17),]BF4
to further maximise catalyst lifetime, in addition to assessing the recyclability of the

other heterogeneous catalysts developed in this work (see Future work).
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Scheme 5.10. Different methods of silica-immobilised hydroformylation catalyst

Ph,
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synthesis reported by van Leeuwen.3°

5.4 Hydroformylation activity comparison between homogeneous and analogous
silica-immobilised catalysts

In order to assess the effect of silica-immobilisation on catalyst performance, a
comparison of homogeneous and analogous heterogeneous catalysts was performed.
To facilitate this comparison, Table 5.9 contains the combined homogeneous and

heterogeneous catalysis results previously presented in Tables 5.1 and 5.6.

Comparing the heterogeneous catalysts to their homogeneous analogues, the I:b ratio
is shown to be consistent within error. This suggests that the immobilised metal centre
is far enough removed from the silica surface, as a result of the phosphine linker ligand,

for the silica to have any effect on catalyst /:b ratio.
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Table 5.9. Comparison of homogeneous and heterogeneous hydroformylation of 1-

octene with various catalysts.

Catalyst Ligand CHO TOF / CHO I:b ratio at
(rhodium loading / mg) h? selectivity 1h
atlh/%
Fibrecat™ + Rh(acac)(CO), O_Q oh 114 81 31
2
(11.2)
O = polyethylene
RhCI(PPhs)s PPhs 84 39 3.0
Rh(acac)(CO); + silica-PPh; OH 200 31 3.0
Silica
(7.5) support —FPh,
OH
Rh(acac)(CO); + 2 PPhs PPhs 667 91 2.5
Sil-[Rh(L5),]BF4 135 15 2.9
(2.1)
R(L5)]BF {pos sy 65 13 2.7
[Rh(L5).]BF4 g Lon, -
Sil-[Rh(L17),]BF, 682 75 2.6
(1.4)
N/\7\\o?‘ N\
[Rh(L17),]BF4 g 674 55 2.7
Ph,
Sil-[Rh(L19)(COD)]BF4 384 50 2.6
//\
N\/\o(—" /N ¢y,
[Rh(L19)(COD)]BF,4 ¢ L 573 66 2.5
Cy,
(1.2)
Sil-[Rh(L5S,)(COD)]BFa 212 26 1.1
Ph,
(3.0) N@‘_’\ ARWLN
\\/0’ thl\\s

Conditions: 90 °C, 20 bar (1:1 H2:CO), 1-octene (0.032 mol, 5 ml), toluene (95 ml), t =1 h, nonane (1

ml, internal standard), homogeneous catalysts: [1-octene]/[Rh] = 1000.

Several different trends in catalyst activity are observed between the homogeneous and

heterogeneous analogues of the different catalysts investigated. [Rh(L17),]BF4 showed

no statistically significant change in catalyst activity when in solution or immobilised on
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silica, with TOF values of 674 + 23 to 682 + 48 h'l determined for the homogeneous and
heterogeneous catalysts, respectively. Similarly, the activity of the [Rh(L5S2)(COD)]BF4
catalyst was shown to be consistent within error for the homogeneous and silica-
immobilised catalysts, with TOF values of 240 + 16 h™* and 212 + 19 h! determined,
respectively. These results suggest that mass transport effects, which are commonly a
major limitation in heterogeneous catalyst systems, resulting in suppression of catalyst
activity, are not rate limiting in these systems.*3> Potentially, this could suggest that all
the metal complexes are immobilised onto the external silica surface, rather than inside
the silica pores (average pore diameter 260 A) where mass transport may be limited, or

that diffusion within the silica pores is facile.

The catalytic activity of [Rh(L19)(COD)]BFs was found to decrease from 573 + 47 h'! to
384 + 17 h* when immobilised on silica. This differing behaviour upon immobilisation of
[Rh(L19)(COD)]BF4 compared to [Rh(L17):]BF4 and [Rh(L5S2)(COD)]BF4is likely due to the
poor stability of Sil-[Rh(L19)(COD)]BF4 under hydroformylation reaction conditions, as
was seen during the leaching study (see Section 5.3.4). As the catalyst decomposition

products have not been identified, their subsequent effect on catalysis is also unknown.

Surprisingly, the activity of [Rh(L5)2]BF4 was shown to more than double from 65 + 5 h™!
to 135 + 11 h! upon silica-immobilisation. Increases in catalyst activity relative to
homogeneous catalysis upon immobilisation are rare and indicate a shift in catalyst
behaviour, as typically a decrease in activity is to be expected.*® For [Rh(L5),]BF4 the
origin of the enhanced rate of the immobilised catalyst is likely due to a suppression of
catalyst deactivation caused by dimerisation, by isolating catalyst sites away from each
other on the silica support (see Section 5.2.5). This was not verified experimentally, but
similar effects have been seen previously where a silica-immobilised Wilkinson’s catalyst
showed an increased catalyst lifetime compared to its homogeneous analogue.3® This

was attributed to the suppression of catalyst deactivation pathways.

Hydroformylation using rhodium complexes immobilised onto silica via bidentate
phosphine ligands has previously been investigated by van Leeuwen et al. for the
Xantphos complex Rh(acac)(Xantphos) (Table 5.10).3¢ The catalyst showed a very high
I:b ratio of 37:1 in solution and 32:1 when the catalyst was immobilised onto silica, much
higher than was observed for the catalysts investigated in this work. This may in part be
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due to the low alkene isomerisation activity of the Xantphos catalyst, making
hydroformylation of internal alkenes less likely. Unlike the silica-immobilised catalysts
investigated in this work, immobilisation of the Xantphos complex onto silica resulted in
a very large 95% decrease in catalyst activity. This difference in behaviour suggests that
large mass transport limitations may be operative for the Xantphos-based system that
are not present in the catalysts presented in this work. One consideration is the type of
silica support used; in our work the AEROPERL 300/30 silica employed has an average
pore diameter of 260 A, whereas in the work by van Leeuwen et al. a smaller average
pore diameter of 60 A was used. The smaller pore size used by van Leeuwen et al.
possibly results in hindered substrate diffusion through the silica and results in mass
transport effects during catalysis. This is most likely to play a significant role on catalyst
activity if the catalyst sites are located within the silica framework rather than the

external surface.

Table 5.10. Hydroformylation of 1-octene with a silica-immobilised Xantphos

complex.36
catalyst time TOF/ ht I/b Aldehyde | Alcohol Octene
ratio /% /% isomers / %
immobilised 22 13.2 37 93.3 5.1 1.6
homogeneous 2 283 32 96.2 0 3.7

Conditions: 80 °C, 50 bar (1:1 H2:CO), ligand/Rh = 10, 1-octene/Rh = 673, Rh content = 10 pmol, toluene
10 ml.

5.5 Palladium-catalysed hydroformylation preliminary investigation

An investigation into the catalyst performance of the Pdl;(PAP) complexes described in
Chapter 3 was of interest, as these complexes could potentially be used as lower cost
catalysts relative to the currently industrially used rhodium complexes. Production of an
immobilised palladium catalyst could possibly reduce catalyst costs further by
facilitating improved catalyst recycling capabilities. Due to time constraints, in this work
only a preliminary investigation of homogeneous hydroformylation catalysis with a

PdI>(P~P) complex was performed. Pdl,(L19) (Figure 5.14) was selected as the catalyst,
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as the phosphine sterics and electronics of L19 most closely match those of the highest
performing ligands reported in the literature for Pdl,(PR3),-catalysed hydroformylation,
i.e. monodentate alkyl phosphines, such as PCys.*

f\ o Cy,

N\/\O \ /\/\N/\ . d,“\l

- P
o AL
Cy,

Figure 5.14. Structure of PdI»(L19).

Hydroformylation reactions described in the literature using Pdl,(PRs); catalysts employ
harsher reaction conditions of 110 °C and a 100 bar pressure of syngas, harsher than
those employed for the rhodium-catalysed hydroformylation described so far in this
Chapter.*’” Since high reaction pressures are generally undesirable due to increased
operating costs and safety requirements, it was of interest to determine the minimum
pressure required for catalyst activity of the Pdl>(PRs)2 systems at 110 °C.*® To this end,
a 1-octene hydroformylation experiment using Pdl>(L19) as a catalyst was performed
with the reaction monitored at increasing syngas pressures (Table 5.11). Initially, the
reaction was pressurised to 20 bar for 24 h (the same pressure used for the rhodium
catalysts). No catalyst activity was observed after this time and so subsequently the
pressure was increased to 50 bar and the test continued for a further 72 h. After this
extended reaction time 38% of the 1-octene had been consumed; however this was
predominantly due to alkene isomerisation, with only 7% conversion to aldehydes being
achieved. Finally, the reaction pressure was increased to 100 bar, which resulted in a
further 2% conversion to aldehydes over 1 h, corresponding to a TOF of 16 htover this
final 1 h period, while the alkene isomerisation activity increased to 48 h™. Further

optimisation of the reaction conditions or catalyst were not performed.
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Table 5.11. Hydroformylation of 1-octene with Pdi»(L19).

Time/h Reaction composition Aldehyde I:b
(pressure / bar) 1-octene / % Internal octenes | Co Aldehyde / % ratio
/%
0 100 trace 0 -
24 (at 20 bar) 100 trace 0 -
96 (72 h at 50 62 31 7 3:1
bar)
97 (1 hat 100 54 37 9 3:1
bar)

Conditions: 110 °C, (1:1 H2:CO), 1-octene (0.032 mol, 5 ml), toluene (95 ml), PdI>(L19) (0.04 g, 3.9 x 10

mol), t =1 h, nonane (1 ml, internal standard).

A PdIx(PCys)2 catalyst was recently investigated by Dydio et al. for the hydroformylation
of propene under the following conditions: 2.5 mM Pdl,, 5 mM PCy, 2 mL anisole, 20 bar
CO, 80 bar H,, 110 °C, resulting in a TOF of 32 h''and /:b ratio of 1:3 (/:b ratio was shown
to increase significantly at lower temperatures up to 1:50 at 80 °C, at the cost of
drastically reduced activity).*” This result suggests that PdI>(L19) is competitive with
other PdI>(PR3)2 catalysts and hence is an interesting area for future work in which silica-
immobilisation of Pdl>(L19) could be investigated alongside catalyst lifetime and stability

(see Future work).

5.6 Chapter 5 summary

In this chapter the results of homogeneous and heterogeneous hydroformylation of
1-octene using rhodium catalysts have been detailed under industrially relevant
conditions of: 90 °C, 20 bar (1:1 H,:CO), 1-octene (0.032 mol, 5 ml), [1-octene]/[Rh] =

1000, toluene (95 ml), t =1 h, nonane (1 ml, internal standard).

The homogeneously-catalysed hydroformylation of 1-octene with =90° bite angle PCNCP
ligand-containing catalysts, [Rh(L17)2]BF4 and [Rh(L19)(COD)]BF4, showed the highest
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catalyst activities of the novel complexes investigated, of 674 + 23 and 573 + 47 h'!
respectively, values comparable to those achieved using an in situ generated
HRh(CO)2(PPhs); catalyst (667 + 31 h'l). Meanwhile the smaller bite angle (ca. 70°) PNP-
ligated [Rh(L5);]BFs showed a much lower catalyst activity of 65 * 5 hl, while
[Rh(L12),]BF4 displayed no catalyst activity under the conditions investigated. It was
shown that an active catalyst could be generated in situ from a 1:1 mixture of
Rh(acac)(CO), and L12, however, achieving a TOF of 124 + 8 h™ and /:b ratio of 8. The
disulfur donor-ligand-containing catalyst, [Rh(L5S2)(COD)]BF4, was shown to be a highly
active alkene isomerisation catalyst with a TOF of 2161 + 70 h™. It was also a modest
hydroformylation catalyst with a TOF of 240 + 16 h%, active for hydroformylation of both
internal and terminal alkenes, resulting in an aldehyde /:b ratio of 1:1, much lower than
the phosphine-containing catalysts investigated. An induction period of ca. 25 minutes
was observed for the bis(diphosphine) catalysts, [Rh(L17)2]BFs and [Rh(L5):]BFa,
corresponding to the time required to displace one equivalent of diphosphine ligand in
order to form the active catalyst species. In contrast no induction period was observed

for the [Rh(LAL)(COD)]BF4 catalysts.

Heterogeneous catalysis using the silica-immobilised rhodium complexes showed a
similar trend in catalytic performance to their homogeneous analogues, with Sil-
[Rh(L17);]BF4 and Sil-[Rh(L19)(COD)]BF4 providing the highest TOFs of 682 * 48 and
384 + 17 h%, respectively, followed by Sil-[Rh(L5S2)(COD)]BF4 with 212 + 19 h'! and Sil-
[Rh(L5)2]BF4 with 135 h'!. Meanwhile, the Fibrecat™-supported catalyst was shown to
have the highest aldehyde selectivity of 81%, but the lowest activity of 114 + 8 1. A
silica-PPh; supported catalyst displayed a higher TOF of 200 + 18 h%, but a much lower

aldehyde selectivity of 31%, due to alkene isomerisation being the dominant reaction.

In contrast to their analogous homogeneous catalysts, Sil-[Rh(L5):]BF2 and Sil-
[Rh(L17):]BF4 showed a significantly reduced induction period. The origin of this effect
is poorly understood, but may be due to the presence of potentially coordinating ligands
on the silica surface, such as silanols, phosphine oxides, or silica-bound CO. It is proposed
that interaction with these species could potentially enhance the rate of diphosphine
substitution from [Rh(P~P).]BF4 complexes, required to form hydroformylation-active

HRh(P~P)(CO)2 complexes.
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Catalyst leaching studies showed that the Fibrecat™-supported catalyst was most
resilient to leaching, losing 0.72% rhodium content after a 1 h reaction, followed by Sil-
[Rh(L17)2]BF4 and Sil-[Rh(L5),]BF4 at 1.4%. Sil-[Rh(L19)(COD)]BFs and the silica-PPh,-
supported catalysts showed the worst leaching performance with 34 and 29% rhodium

loss after 1 h, respectively.

The recycling performance of Sil-[Rh(L17)2]BFs was investigated, showing no loss in
activity after one recycle, followed by a subsequent large decrease in catalytic activity

down to approximately 25% of initial activity after five runs.

Preliminary studies using the palladium hydroformylation catalyst Pdl>(L19) showed an
aldehyde activity of 16 h™* and I:b ratio of 3:1 at 110 °C and 100 bar (1:1 H,:CO) in good

agreement with literature Pdl2(PR3)2 systems.*’
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Future work

Much of the work described in this thesis has focused on the design and synthesis of
small bite-angle PAP ligands with varied steric and electronic properties for applications
in immobilised hydroformylation. However, to broaden this focus further, additional
investigations into wider bite angle ligands for immobilised hydroformylation could be
performed. As the attempted synthesis of the PCCNCCP compound L20 was
unsuccessful, one modification that could be made to the structure of the compound to
make synthesis easier is replacement of the alkoxysilane tethering group with a silatrane
functionality to give compound L25 (Figure F1). As was shown for the synthesis of
phosphoramidite PNP and PCNCP compounds, incorporation of the more robust
silatrane moiety resulted in better selectivity for the relevant target compounds by
suppressing unwanted nucleophilic substitution reactions at the silicon atom, especially
from alcohols or water. Incorporation of a silatrane tethering functionality still enables
relatively facile silica-immobilisation of the compound, which required moderate
reaction temperatures of ca. 70 °C, relative to room temperature immobilisation
possible using alkoxysilane tethering functionalities. Synthesis of L25 would allow the
subsequent investigation into systematic change of PAP bite angle on immobilised

hydroformylation by comparing ligand performance of L25 to L5 and L17.

Figure F1. Structure of L25.
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The synthesis of additional wide bite angle phosphites could also be performed to
enable comparison to small bite-angle phosphoramidites L11 and L12. One such ligand
target is the compound L26, featuring an acacH-derived carbon backbone that could be
functionalised with a pendant silatrane tethering group (Figure F2). A modular synthesis
could be employed, enabling tuning of the sterics and electronics of the phosphorus
centres by application of different parent alcohols in the synthesis of the phosphite
moieties. By increasing the library of tetherable ligands for immobilised
hydroformylation, more data can be gathered on the key ligand structural features that
effect catalyst performance. This knowledge can then be applied during the
development of new hydroformylation catalyst processes, enabling precise tuning of the

system to maximise catalyst performance in terms of activity, selectivity and stability.

Figure F2. Structure of L26.

Further catalyst testing is also of great interest to gain additional insight into the
performance of the catalysts previously developed. Of particular importance would be
to investigate the immobilised catalysts developed in this work in a fixed bed reactor
setup for the hydroformylation of propene, to mimic how these catalysts would likely
be used in an industrial setting. More in depth catalyst recycling and leaching studies
would also be beneficial, which could be combined with post-reaction characterisation
of the catalysts, by solid-state NMR spectroscopic analysis, for example, to further
elucidate the behaviour of the catalyst and identify possible catalyst decomposition
pathways. This would also require development of an improved method for reaction
sampling and catalyst separation during recycling studies to mitigate the catalyst loss of

these processes in the test autoclave system employed.
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This work could be complemented by further studies investigating the effect of the
catalyst immobilisation conditions on subsequent catalysts performance, particularly in
regard to catalyst stability. Developing a greater understanding of whether the catalyst
is immobilised on the external silica surface or within the silica pore structure would
result in significantly better understanding of these catalyst systems. Additionally, better
understanding of catalyst structure may also help elucidate the effect the origin of the
differing lengths of catalyst induction period of catalysts [Rh(L5),]BF4 and [Rh(L17),]BF4

when in solution or silica-immobilised.

A complete study of the PdI>(P*P) complexes described in the work as hydroformylation
catalysts is also desired, including further optimisation of the reaction conditions and
catalyst to maximise activity for hydroformylation. Synthesis and catalyst testing of
silica-immobilised Pdlz(PAP) complexes could then be investigated and their catalytic
performance compared to the rhodium catalysts described in this work, to determine

the overall most effective catalyst.
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Chapter 6: Experimental



6.1 General considerations

Unless otherwise stated, all reactions were conducted under an atmosphere of dry
nitrogen or argon using standard Schlenk-line and glove box (Saffron Scientific and
InertTechnologies) techniques. Air- and moisture-sensitive NMR-scale reactions were
conducted in NMR tubes fitted with Youngs’ taps. All solvents excluding THF and PhCl
were dried using an Innovative Technologies Solvent Purification System facility. THF
was dried by heating at reflux over sodium wire with benzophenone as indicator,
followed by distillation. PhCl was dried over P,0s and distilled. 1-Octene, ds-THF, CsDs
and CDxCl, were dried over CaH; and vacuum transferred. All solvents and liquid
reagents were deoxygenated using the freeze-pump-thaw method prior to use. NEtz was
dried with 3A molecular sieves and distilled. Ph,PCl was purified by vacuum transfer.
Ultrapure type | water was used for all reactions involving water. Fibrecat™,
Rh(acac)(CO), and RhCl; were provided by Johnson Matthey and used as received.
PdCl,(COD) and PdCl(MeCN), were prepared from PdCl, provided by Johnson Matthey.!
BISBI was obtained from Strem Chemicals and used as received. All other reagents were

used as received from Sigma-aldrich, Fisher Scientific or Fluorochem.

Solution phase NMR spectra were collected on a Bruker Advance 400 spectrometer at
ambient temperatures (293 K) operating at 399.95, 100.58, 161.91, 128.32 and 376.27
MHz for 1H, 13C, 31P, 11B and °F respectively. Chemical shifts were referenced to residual
protio impurities in the deuterated solvent (*H), 13C shift of the solvent (*3C{*H}) or to
external 85% HsPO4 aqueous solution (3!P, 3'P{H}), external CFCl3 (*°F) or external
BF3Et,0 (*!B). Chemical shifts are reported in ppm and coupling constants in Hz. Solvent
residual proton shifts used are: CDCl3 7.26 (s); CsDs, 7.15 (s); (CDs3)2CO, 2.05 (s) and
CD2Cly, 5.35 (s).2 Solvent residual carbon shifts employed: CDCls, 77.0 (t); CsDs, 128.0 (t);
(CD3)2CO, 206.2 (s), 29.8 (sept) and CD,Cl,, 53.0 (quin).'*®Solid-state NMR spectra were
obtained on a Varian VNMRS spectrometer using a 6 mm (0.d.) rotor or a Bruker Avance
Il HD spectrometer using a 4 mm (o0.d.) probe at 79.44 MHz and 161.99 MHz for 2°Si and
31p  respectively. Chemical shifts are reported in ppm relative to external
tetrakis(trimethylsilyl)silane at —=9.9 ppm for silicon spectra and relative to external 85 %

HsPO4 at 0 ppm for phosphorus spectra. Cross polarisation spectra were recorded with
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a 10 ms contact time and recycle delay of 1 s for 2°Si nuclei and a contact time of 1 ms

and recycle delay of 5 s for 3!P nuclei.

Infrared spectra were collected on a FT-IR Perkin-Elmer Spectrum RXI with an ATR
attachment. Approximately 2 mg of sample was placed on the crystal and secured with

the screw down arm before measurements were performed.

Crystallographic data were obtained in Durham using a Bruker D8Venture Mo
Diffractometer with confocal optics Mo-Ka (A 0.71073 A) at -180(1) °C. All calculations
were performed using the Olex2 software package except for refinement, which was
performed using SHELXL. All structures were collected and solved by Dr Andrei Batsanov,
Dr Dmity Yufit or Dr Toby Blundell (Durham Chemistry Department). Steric maps were

generated and %Vp.r calculated using the web software SambVca 2.1.3

CHN Elemental analysis was performed by Dr Emily Unsworth of Durham University
using an Exeter CE-440 Elemental Analyser using a horizontal furnace, with static
combustion in pure oxygen. The instrument was calibrated with acetanilide before each
batch of samples. Please note that CHN elemental analysis could not be performed on

any of the viscous oils produced in this work.

Gas chromatography was performed using an HP 5890-11 GC-FID instrument equipped
with a HP-PONA column (50 m length, 0.2 mm i.d., 0.5 um film thickness). Experiments
were performed at 45 °C with the temperature held constant for 5 mins, followed by an
increase to 60 °C at a ramp rate of 5 °C min™’. The temperature was held at 60 °C for 6
mins then increased to 150 °C at a ramp rate of 5 °C min, then further increased to

300 °C at a ramp rate of 30 °C min.

ICP-OES analyses of supported catalysts was performed at Johnson Matthey TC, Sonning
by Aikaterini Droungou. For silica-supported catalysts, samples were prepared in
duplicate. ~0.05 g of the sample was weighed on Zr crucible and was fused with ~3 g of
sodium peroxide (obtained from by Fisher Scientific). The fusion system used was
Fluxana Vitriox. The melt was leached in 15 cm? conc. HCl (obtained from Fisher
Scientific) in UHP water, and the leachates were transferred to 100 cm? vol. flasks and
made to volume with UHP water. A range of Rh standards was prepared (1, 5, and 15

ppm) and matrix matched (15% HCl in UHP water plus 3 g sodium peroxide which has
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also been through the fusion machine), and an aliquot of each sample replicate was
analysed by ICP-OES (Agilent 5110), in radial viewing mode. Yttrium was used as internal

standard.

For the Fibrecat supported sample; the sample was prepared in triplicate. ~0.05 g of the
sample was weighed in a digestion tube and 10 cm? inverse aqua regia (IAR, 7.5 ml HNOs,
2.5 cm? HCI; both acids obtained from Fisher Scientific) was added. The tubes were
placed in the Ultrawave Reactor (Milestone Ultrawave ECR Microwave High Pressure
Reactor) for ~50 min and full digestion was accomplished. The digests were transferred
to 100 cm?3 vol. flasks and made to volume with UHP water. A range of Rh standards was
prepared (5, 15, and 25 ppm) and matrix matched (10% IAR in UHP water), and an
aliquot of each sample replicate was analysed by ICP-OES (Agilent 5800), in radial

viewing mode. Yttrium was used as internal standard.

ICP experiments to determine catalyst leaching were performed at Durham University
by Dr Emily Unsworth. Samples preparation was as follows: hydroformylation reaction
solution was collected after 1 h and filtered through a glass wool plug to remove any
silica. 20 cm? of solution was added to a Schlenk flask that had been washed out three
times with distilled water prior to use. All volatile components were then removed in
vacuo, followed by addition of 5 ml of 10 % HCI and heating to 80 °C for 1 h to ensure
full digestion of the metal. The contents of the Schlenk flask were washed into
volumetric flasks (pre-washed three times with HCl and three times with distilled water)
and the solutions made up to the mark with distilled water and the prepared solutions
were submitted to the ICP-OES service for analysis. The instrument used for ICP-OES
analysis was a Agilent 5800 VDV equipped with a vertical torch, cyclonic spray chamber
and concentric nebulizer. The instrument was used in axial mode and the standards
were prepared by diluting a commercially available (Aldrich) 1000ppm rhodium stock

standard solution.

222



6.2 Chapter 2 experimental

6.2.1 Synthesis of PNP-type ligands
6.2.1.1 General procedure for the synthesis of dppa-type compounds L1-5

The appropriate primary amine (1 eq., ~10 mmol) and NEt3 (2.1 - 5 eq.) were dissolved
in toluene or THF (40 cm?3). The solution was cooled to —40 or =78 °C and Ph,PCl (2 eq.)
added dropwise. The solution was allowed to warm to room temperature and then
stirred overnight, producing a white solid and pale-yellow solution. The mixture was
filtered and the solid washed with toluene (3 x 5 cm3). The combined washings were

then dried in vacuo to give the desired product, which was then stored in the glovebox.

6.2.1.1.1 Synthesis of L1

T\ #Ph,
(MeO), N

I
Ph,

Obtained as a pale yellow viscous oil (2.01 g, 62%); *H NMR (400 MHz, CD,Cl,) 0.20 —
0.28 (2H, m, SiCH2), 1.14 - 1.26 (2H, m, CH2CH2CH>), 3.20-3.33 (2H, m, CH2N), 3.40 (9H,
s, Si(OCHs)3), 7.31 — 7.41 (12H, m, phenyl), 7.41 — 7.50 (8H, m, phenyl); 3'P{*H} NMR
(162 MHz, CD,Cly) 6: +62; 3C{*H} NMR (101 MHz, CD2Cl), 6.04 (s, SiCH,), 24.38 (s,
CH2CH>CH,), 50.17 (s, Si(OCH3)s), 55.82 (t, 2Jec = 10.5 Hz, CH2N), 128.07 (t, 3Jpc = 3.1 Hz,
aryl-C), 128.74 (s, aryl-C), 132.70 (t, 2Jpc = 11.0 Hz, aryl-C), 139.78 (t, Upc = 6.3 Hz, aryl-
C). NMR spectroscopic analysis showed good agreement with reported literature

values.*

6.2.1.1.2 Synthesis of L2

\ Ph,
MeO— —/_\N’

|
MeO Ph,

Obtained as a colourless oil (3.3 g, 65%); *H NMR (400 MHz, CD,Cl,) -0.10 (3H, s, SiCHs),
0.19 — 0.26 (2H, m, SiCH,), 1.09 — 1.21 (2H, m, CH2CH2CH>), 3.23 — 3.45 (2H, m, CH2N),
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3.37 (6H, s, OCHs), 7.36 — 7.41 (12H, m, phenyl), 7.43 — 7.49 (8H, m, phenyl); 31P{1H} NMR
(162 MHz, CDCl2) 8: +62; 3C{*H} NMR (101 MHz, CD,Cl>) —6.20 (s, SiCHs), 9.90 (s, SiCH,),
24.56 (t, 3Jpc = 3.2 H,, CH2CH2CH>), 49.84 (s, OCHs), 56.04 (t, 2Jpc = 10.6 Hz, CH,N), 128.07
(t, 3Jpc = 3.1 Hz, aryl-C), 128.75 (s, aryl-C), 132.71 (t, 2Jpc = 10.9 Hz, aryl-C), 139.81 (t, Ypc
= 6.3 Hz, aryl-C).

6.2.1.1.3 Synthesis of L3

| Ph
MeO— —/_\N/ 2

| |
Ph,

Obtained as a colourless oil (2.4 g, 69%); *H NMR (400 MHz, CD»Cl,) -0.10 (6H, s, SiCHs),
0.15 — 0.21 (2H, m, SiCHa), 1.03 — 1.14 (2H, m, CH2CH>CH>), 3.22 — 3.32 (2H, m, CH:2N),
3.26 (3H, s, OCHs), 7.34—7.40 (12H, m, phenyl), 7.42 — 7.48 (8H, m, phenyl); 3'P{*H} NMR
(162 MHz, CD,Cly) &: +62; 1BC{IH} NMR (101 MHz, CD,Cl;) —3.13 (s, SiCH3), 12.69 (s,
SiCHa), 25.09 (t, 3Jpc = 3.2 H,, CH2CH,CH3), 49.91 (s, OCH3), 56.23 (t, 2Jpc = 10.5 Hz, CH2N),
128.05 (t, 3Jpc = 3.1 Hz, aryl-C), 128.73 (s, aryl-C), 132.69 (t, 2Jpc = 11.0 Hz, aryl-C), 139.84
(t, Ypc = 6.4 Hz, aryl-C).

6.2.1.1.4 Synthesis of L4
O
/A

Obtained as a colourless oil (2.2 g, 43%); *H NMR (400 MHz, CD,Cl;) -0.12 (3H, s, SiCHs),
-0.09 (3H, s, SiCHs), 0.05 —0.25 (2H, m, SiCH,), 0.96 (3H, d, 3Juu = 6.5 Hz, CHCHs), 1.89 —
1.97 (1H, m, CHCH3), 2.18 (1H, t, 2Jun = 8.9 Hz, CHCH(H)N), 2.35 —2.42 (2H, m, CH2CH:N),
2.58 (1H, dd, 2Jun = 8.9 Hz, 3Jun = 6.2 Hz, CHCH(H)N), 3.24 — 3.35 (2H, m, CH2CH2N), 7.35
—7.41 (12H, m, phenyl), 7.43 — 7.50 (8H, m, phenyl); 3'P{*H} NMR (162 MHz, CD,Cl,) &:
+63; B3C{*H} NMR (101 MHz, CD,Cl>) —0.95 (s, SiCH3), —0.09 (s, SiCH3), 21.30 (s, CHCH3),
21.63 (s, CHCH3), 32.12 (s, SiCH2), 48.18 (t, 2Jpc = 3.2 Hz, CH,N(PPh3);), 52.19 (t, 3Jpc = 9.4

224



Hz, SINCH2CH,), 128.11 (q, 2Jec = 3.42 Hz, aryl-C), 128.73 (s, aryl-C), 128.77 (s, aryl-C),
132.67 (t, Upc = 11.1 Hz, aryl-C), 132.74 (t, 3Jpc = 11.0 Hz, aryl-C), 139.70 (t, Hpc = 10.5 Hz,
aryl-C), 139.71 (t, Upc = 10.4 Hz, aryl-C).

6.2.1.1.5 Synthesis of L5

Isolated as a white solid that was recrystallized from DCM/hexane and dried in vacuo
(2.6 g, 64%). Single crystals suitable for XRD analysis were obtained by layering a solution
of the compound in DCM with hexane at =20 °C; Umax /cm™2 3051 (C-H aromatic), 2944
(C-H), 2840 (C-H), 1584 (C=C), 1566 (C=C), 1432 (P-Ph), 908 (P-N); *H NMR (400 MHz,
CDCl3) 0.06 — 0.12 (2H, m, SiCH,), 1.39 — 1.49 (2H, m, CH,CH,CH,), 2.70 (6H, t,
3Jyn = 5.8 Hz, OCH2CH;N), 3.15 — 3.26 (2H, m, CHaN(PPha)2), 3.61 (6H, t, 3Jun = 5.8 Hz,
OCH,CH:N), 7.23 — 7.29 (12H, m, phenyl), 7.35 — 7.41 (8H, m, phenyl); 31P{*H} NMR (162
MHz, CDCl3) 6: +61; 133C{*H} NMR (101 MHz, CDCls), 12.70 (s, SiCH2), 26.29 (t, 3Jpc = 4.2
Hz, CH2CH2CH,), 51.13 (s, OCH2CH:2N), 56.10 (t, Xpc = 10.0 Hz, CHaN(PPh2)2), 57.71 (s,
OCH3CH3N), 127.85 (t, 3Jpc = 3.0 Hz, aryl-C), 128.33 (s, aryl-C), 132.82 (t, 3Jpc = 11.1 Hz,
aryl-C), 140.16 (d, YJpc = 12.9 Hz, aryl-C). Anal. Calcd for C33H3sN203P2Si-0.67CH,Cl,: C,
61.56; H, 6.04; N, 4.26. Found: C, 61.86; H, 5.58; N, 4.39 %.

Single crystals of O(Ph2PO)2 suitable for XRD analysis were obtained from a solution of

L5 in DCM layered with hexane left to stand in air.

6.2.1.2 Synthesis of (3-aminopropyl)silatrane

Triethanolamine (6 cm?3, 0.05 mol), (3-aminopropyl)trimethoxysilane (8 cm3, 0.05 mol)

and KOH (0.05 g, 0.9 mmol) were dissolved in toluene (30 cm3) and heated to 80 °C for
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4 h. Methanol produced was removed as it formed using Dean-Stark apparatus. The
crude product was dried in vacuo then recrystallized from toluene, then chloroform and
dried in vacuo to give a white solid (5.6 g, 52%); Umax /cm™3355 (N-H), 2922 (C-H), 2858
(C-H); *H NMR (400 MHz, CDCl3) 6: 0.38 — 0.46 (2H, m, SiCH>), 1.23 (2H, s, br, NH,), 1.49
—1.58 (2H, m, CH2CH2CHy), 2.64 (2H, t, *Jun = 7.0 Hz, CH2NH2), 2.82 (6H, t, 3Jun = 5.8 Hz,
OCH,CH>N), 3.78 (6H, t, 3Jun = 5.8 Hz, OCH,CH2N); 33C{*H} NMR (101 MHz, CDCl3) §: 12.99
(s, SiCHy), 29.88 (s, CH2CH2CHy), 45.79 (s, CHaNHy), 51.12 (s, OCH2CH;N), 57.82 (s,
OCH,CH;N). Anal. Calcd for CoH20N203Si: C, 46.52; H, 8.68; N, 12.06. Found: C, 46.32; H,
8.24; N, 12.08 %. CHN elemental analysis and NMR spectroscopic analysis are in good

agreement with reported literature values.”

6.2.1.3 Attempted synthesis of L6 — synthesis of L6X

(MeO), _/_\H/ 'Pr,
(3-Aminopropyl)trimethoxysilane (2.0 cm3, 11.5 mmol) and NEt; (4.0 cm3, 28 mmol)
were dissolved in THF (30 cm3). The solution was cooled to —40 °C and 'Pr,PCl (3.7 cm?3,
23 mmol) added dropwise. The solution was allowed to warm to room temperature and
then stirred for 18 h, after which time 3P NMR spectroscopy of an aliquot of reaction
mixture showed only one equivalent of 'Pr,PCl had reacted. A second equivalent (3-
aminopropyl)trimethoxysilane (2.0 cm?3, 11.5 mmol) was added to the reaction mixture
at —40 °C and stirred overnight at room temperature, after which the solution was
filtered and the resulting solid residue washed with THF (3 x 5 cm?). The combined
washing were dried in vacuo to give a colourless oil (5.17 g, 76%); *H NMR (400 MHz,
CeDs) 0.63 — 0.69 (2H, m, SiCH>), 0.96 — 1.07 (12H, m, CH(CHs)2), 1.44 (2H, septet of
doublets, 3Jun = 7.1 Hz, 2Jpn = 1.1 Hz, PCH(CH3),), 1.58 — 1.68 (2H, m, CH2CH,CH>) 2.85 —
2.95 (2H, m, CHaN) 3.44 (9H, s, Si(OCHs)3); 31P{*H} NMR (162 MHz, CDCl3) &: +64; 3C{*H}
NMR (101 MHz, CgDg), 6.13 (s, SiCH3), 17.20 (d, 2Jpc = 7.7 Hz, PCH(CH3)2), 19.03 (d, 3Jpc =
20.1 Hz, CH,CH2CH,), 26.48 (d, 3Jpc = 18.5 Hz, PCH(CH3)2), 50.42 (s, Si(OCH3)s), 51.45 (d,
2)pc = 22.7 Hz, CH2N).
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6.2.1.4 Second attempted synthesis of L6

ipr
e0), _/_\'?'/ 2

'Pr,

(3-Aminopropyl)trimethoxysilane (2.0 cm3, 11.5 mmol) and NEt3 (4.0 cm3, 28.0 mmol)
were dissolved in DCM (30 cm3). The solution wascooled to —40 °C and Pr,PCl (3.7 cm3,
23 mmol) added dropwise. The solution was allowed to warm to room temperature and
then stirred for 18 h, after which time 3P NMR spectroscopy of an aliquot of reaction
mixture showed a mixture of the monosubstituted product L6X and an

iminobisphosphine side product, so the reaction was abandoned.

6.2.1.5 Synthesis of bis(diisopropylamino)chlorophosphine

/N'Prz

\NiPrZ
PCl3 (7.0 cm?3, 80 mmol) was dissolved in toluene (50 cm3) and cooled to 0 °C, followed
by slow addition of HN'Pr; (45.0 cm3, 320 mmol) through a pressure equalising dropping
funnel. Toluene (25 cm?3) was then washed through the dropping funnel. The reaction
was heated at reflux overnight to give an orange solution and white precipitate. The
solution was filtered and the solid washed with toluene (25 cm3). The combined filtrate
and washings were dried in vacuo, leaving an orange solid. Upon washing with MeCN
(4 x 20 cm3) the product was isolated as a white solid (12.23 g, 57%); *H NMR (400 MHz,
CD2Cly) 8: 1.23 (6H, d, 3Juw = 6.9 Hz, CH(CHs)2), 1.29 (6H, d, 3JuH = 6.8 Hz, CH(CHs)2), 3.65
— 3.79 (2H, m, NCH(CHs),); 3IP{*H} NMR (162 MHz, CD,Cly) &: +141; 3C{*H} NMR
(101 MHz, CD,Cl,), 22.67 (d, 3Jpc = 11.8 Hz, CHs), 23.74 (d,3Jpc = 5.52 Hz, PCH,), 47.45 (d,
2)pc = 13.0 Hz, NCH(CH3),); Anal. Calcd for Ci2H2sCIN,P: C, 54.02; H, 10.58; N, 10.50.
Found: C, 53.97; H, 10.75; N, 10.73 %. NMR spectroscopic analysis and CHN elemental

analysis are in good agreement with reported literature values.®
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6.2.1.6 Attempted synthesis of L7

(MeO), —/_\N/ (NPra),

| .
(N'Pr,),

(3-Aminopropyl)trimethoxysilane (0.2 cm3, 1.2 mmol) and NEt; (0.34 cm3, 2.4 mmol)
were dissolved in toluene (20 cm3). The solution was cooled to —40 °C and (‘PraN).PCl
(0.625 g, 2.3 mmol) added dropwise. The solution was allowed to warm to room
temperature and then stirred for 18 h, after which time 3P NMR spectroscopic analysis
showed that no reaction had occurred. The reaction mixture was then heated at reflux
for 2 hours, still resulting in no reaction by 3P NMR spectroscopic analysis, so the

experiment was abandoned.

6.2.1.7 Attempted synthesis of L8

(MeO), —/_\N/ (NEL),

I(NEtZ)2

(3-Aminopropyl)trimethoxysilane (2.0 cm3, 11.5 mmol) and NEt3 (3.5 cm3, 25.1 mmol)
were dissolved in DCM (40 cm?). The solution was cooled to —40 °C and (Et2N)2PCl (4.8
cm3, 22.9 mmol) added dropwise. The solution was allowed to warm to room
temperature and then stirred for 18 h, after which time 3P NMR spectroscopic analysis
showed no reaction had occurred. The reaction mixture was then heated at reflux for

2 hours, resulting in decomposition of the start material by 3'P NMR spectroscopy, hence

the reaction was abandoned.

6.2.1.8 Synthesis of 2,2’-biphenol phosphochloridite

L,
e
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2,2-Biphenol (10.05 g, 53 mmol) was azeotropically dried with toluene (3 x 5 cm?3), then
dissolved in toluene (40 cm3). Following addition of PCl3 (10.0 cm?3, 100 mmol) and NEt;
(5.5 cm3, 50 mmol), the solution was heated at reflux for 2 hours. Once cooled to room
temperature, the resulting mixture was filtered and the solid washed with toluene
(3 x 5 cm3). The combined washings were then dried in vacuo and the crude product
purified by removal of an impurity by sublimation to give a white solid (10.14 g, 75%);
1H NMR (400 MHz, CDCl3) 7.24 — 7.29 (2H, m, aryl), 7.35 — 7.48 (4H, m, aryl) 7.50 — 7.56
(2H, m, aryl); 3'P{*H} NMR (162 MHz, CD,Cl,) &: +179; 13C{*H} NMR (101 MHz, CD,Cl,),
122.23 (d, 3Jpc = 2.2 Hz, aryl-C), 126.30 (d, *Jpc = 1.1 Hz, aryl-C), 129.50 (s, aryl-C), 130.21
(d, 4Jpc= 1.5 Hz, aryl-C), 130.95 (d, 3Jpc = 3.6 Hz, aryl-C), 149.25 (d, 2Jpc = 5.6 Hz, aryl-C);
Anal. Calcd for C12HsO2CIP: C, 57.51; H, 3.22; N, 0.00. Found: C, 57.61; H, 3.32; N, 0.10
%. CHN elemental analysis and NMR spectroscopic analysis are in good agreement with

reported literature values.’

6.2.1.9 Synthesis of L9

(3-Aminopropyl)trimethoxysilane (0.9 cm3, 4.9 mmol) and NEt; (1.5 cm3, 11.0 mmol)
were dissolved in toluene (40 cm?3). The solution was cooled to —40 °C and 2,2’-biphenol
phosphochloridite (2.47 g, 9.8 mmol) added dropwise. The solution was allowed to
warm to room temperature and then stirred for 18 h, producing a white solid and pale-
yellow solution. The solution was filtered and the resulting solid washed with toluene
(3 x 5 cm?3) and the combined washings dried in vacuo to give a pale-yellow viscous oil.
The oil was dissolved in DCM (5 cm?3) and upon addition of hexane (5 cm?3) with vigorous
stirring, a white solid precipitated which was dried in vacuo to give a white solid (2.2 g,

73%). Single crystals suitable for XRD analysis were obtained by layering a solution of
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the compound in DCM with hexane; uUmax /cm™ 3061 (C-H aromatic), 2943 (C-H), 2840
(Si-OMe), 1602 (C=C), 1567 (C=C), 1046 (P-0), 913 (P-N); *H NMR (400 MHz, CDCl;) 0.64
—0.71 (2H, m, SiCH>), 1.58 — 1.68 (2H, m, CH,CH,CH,), 2.99 — 3.13 (2H, m, CH;N), 3.61
(9H, s, Si(OCHs)3), 7.20 — 7.35 (8H, m, aryl), 7.42 — 7.57 (8H, m, aryl); 3'P{*H} NMR (162
MHz, CD,Cly) &: +152; 3C{*H} NMR (101 MHz, CD:Cl,), 8.42 (s, SiCH,), 28.03 (s,
CH,CH,CH>), 48.35 (t, 2Jpc= 9.2 Hz, CH2N), 52.08 (s, Si(OCHs)3), 123.94 (s, aryl-C), 127.02
(s, aryl-C), 131.34 (s, aryl-C), 131.89 (s, aryl-C) 132.75 (s aryl-C), 152.77 (t, 2Jpc = 2.3 Hz,
aryl-C); Anal. Calcd for C3oH31NO7P2Si: C, 59.30; H, 5.14; N, 2.31. Found: C, 58.08; H, 5.29;
N, 2.61 %.

6.2.1.10 Attempted synthesis of L10

2-(2,2,4-Trimethyl-1,2-azasilolidin-1-yl)ethan-1-amine (1.95 ¢cm3, 5.0 mmol) and NEt;
(1.4 cm3, 10 mmol) are dissolved in toluene (30 cm3) and cooled to -78 °C, followed by
dropwise addition of 2,2’-biphenolphosphochloridite (2.5 g, 10 mmol). The resulting
mixture was allowed to warm to room temperature and stirred overnight, after which
an aliquot of reaction mixture was analysed by 3P NMR spectroscopy and showed
complete conversion of the starting material. After filtration and subsequent removal of
all volatile components in vacuo, 3'P NMR spectroscopy indicated decomposition of the
target compound and the reaction was abandoned; 3'P{*H} NMR (162 MHz, Cg¢D¢) 6&:
+153.
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6.2.1.11 Synthesis of Bis(dichlorophosphino)amino-3-proplysilatrane

(3-Aminopropyl)silatrane (0.85 g, 3.7 mmol) and NEt3 (2.0 cm3, 15 mmol) were dissolved
in toluene (10 cm?) and the solution added dropwise to a solution of PCl3 (0.32 cm3, 3.7
mmol) in toluene (15 cm3) at =78 °C. The resulting mixture was allowed to warm to room
temperature and stirred overnight. Following filtration, the resulting solution was dried
in vacuo, then DCM (5 cm3) and hexane (10 cm?3) added to give a colourless solution and
red oil. The colourless solution was filtered and dried in vacuo to give a white solid
(0.6 g, 37%); 'H NMR (400 MHz, CDCl3) 0.46 (2H, t, 3Jun = 8.0 Hz SiCHa), 1.95 — 2.06 (2H,
m, CH,CH2CH,), 2.84 (6H, t, 3Jun = 5.8 Hz, OCH2CH;N), 3.72 —3.83 (8H, m, CH,CH2CH,N +
OCH,CH;N); 3'P{*H} NMR (162 MHz, CDCl3) +166; 3C{*H} NMR (101 MHz, CDCl3) 13.55
(s, SiCH3), 27.52 (t, 3Jpc = 3.1 Hz, CH2CH,CH>), 51.05 (s, OCH,CH:2N), 51.78 (t, 2Jpc = 7.1 Hz,
CH2CH2CH2N), 57.66 (s, OCH,CH2N).

6.2.1.12 General procedure for the synthesis of compounds L11 and L12

2,2-Biphenol or (S)-1,1'-Bi-2-naphthol (1 eq., 5.4 mmol) and NEts (2.7 cm3, 19 mmol)
were dissolved in toluene (30 cm3) and cooled to -78 °C, followed by dropwise addition
of a solution of bis(dichlorophosphino)amino-3-propylsilatrane (1 eq., 2.8 mmol) in
toluene (10 cm3). The resulting mixture was allowed to warm up to room temperature
and stirred overnight. Upon filtering, the resulting solution was dried in vacuo. The crude
product was then recrystallised from DCM / hexane (5 cm3 / 10 cm?3) and dried in vacuo

to give a white solid.
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6.2.1.12.1 Synthesis of L11

Isolated as a white solid (0.45 g, 25%); single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in CDCl; with hexane (Figure 6.1); Umax
/cm™12982 (C-H), 2874 (C-H), 1603 (C=C), 1581 (C=C), 1051 (P-0), 910 (P-N); H NMR
(400 MHz, CDCl3) -0.01 —0.06 (2H, m, SiCH2), 1.71 — 1.83 (2H, m, CHCH>CH>), 2.74 (6H,
t, 3Jun = 5.7 Hz, OCH,CH:>N), 2.96 — 3.09 (2H, m, CH2CH2CH>N), 3.68 (6H, t, 3Jun= 5.7 Hz,
OCH,CH3N), 7.22 — 7.32 (12H, m, aryl), 7.35 — 7.41 (4H, m, aryl), 7.45 (4H, dd, 3Jun = 7.7
Hz, 4Jun = 1.6 Hz, aryl); 3'P{*H} NMR (162 MHz, CDCls) +151; 3C{*H} NMR (101 MHz,
CDCls) 13.49 (s, SiCHs), 28.78 (t, 3Jpc = 3.3 Hz, CH,CH,CH3), 47.15 (t, 2pc = 10.9 Hz,
CH2CH2CH3N), 51.07 (s, OCH2CH:N, 57.72 (s, OCH2CH2N), 122.38 (s, aryl-C), 124.76 (s,
aryl-C), 129.17 (s, aryl-C), 129.80 (s, aryl-C), 131.11 (t, 2Jpc = 1.5 Hz, aryl-C), 151.07 (t, Ypc
= 2.2 Hz, aryl-C). Anal. Calcd for C33zH3aN207P2Si: C, 59.99; H, 5.19; N, 4.24. Found: C,
60.39; H, 5.55; N, 3.91 %.

Figure 6.1. Molecular structure of L11. Hydrogens omitted for clarity.
Selected bond angles / °: P-N-P 110.1(2); P-N-C 125.1(3), 123.7(3).
Selected bond distances / A: P-N 1.703(3), 1.687(3); C-N 1.490(4); P-O 1.633(3),
1.647(3), 1.647(3), 1.637(3).
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6.2.1.12.2 Synthesis of L12

/0,
=

o

Isolated as a white solid (2.42 g, 67%); Umax /cm™ 2955 (C-H), 2866 (C-H), 1618 (C=C),
1587 (C=C), 1057 (P-0), 883 (P-N);'H NMR (400 MHz, CDCl3) —0.18 — 0.04 (2H, m, SiCHa),
1.75 — 1.89 (2H, m, CH2CH,CH2), 2.66 (6H, t, 3Jun = 5.7 Hz, OCH2CH,N), 2.79 — 2.93 (2H,
m, CH2CH2CH>N), 3.62 (6H, t, 3Jun= 5.7 Hz, OCH2CH>N), 7.17 — 7.45 (12H, m, aryl), 7.35 —
7.41 (4H, m, aryl), 7.52 (2H, d, 3Jun = 8.8 Hz, aryl) 7.69 (2H, d, 3Juu = 8.8 Hz, aryl), 7.85 —
7.99 (8H, m, aryl); 3'P{*H} NMR (162 MHz, CDCls) +149; 3C{*H} NMR (101 MHz, CDCls)
13.02 (s, SiCH3), 28.92 (t, 3Jpc = 3.2 Hz, CH2CH2CH2), 47.25 (s, CH2CH2CH2N), 51.05 (s,
OCH2CH;N), 57.69 (s, OCH,CH2N), 122.08 (s, aryl-C), 122.31 (s, aryl-C), 122.45 (s, aryl-C),
124.32 (t, Ypc = 2.6 Hz, aryl-C), 124.50 (s, aryl-C), 124.84 (s, aryl-C), 125.83 (s, aryl-C),
125.99 (s, aryl-C), 127.07 (s, aryl-C), 127.17 (s, aryl-C), 128.30 (s, aryl-C), 128.36 (s, aryl-
C), 130.11 (s, aryl-C), 130.25 (s, aryl-C), 130.84 (s, aryl-C), 131.44 (s, aryl-C), 132.56 (s,
aryl-C), 132.79 (s, aryl-C), 149.15 (s, aryl-C), 149.60 (t, YJpc = 3.1 Hz, aryl-C). Anal. Calcd
for CagHa2N207P5Si: C, 68.36; H, 4.92; N, 3.25. Found: C, 66.82; H, 4.78; N, 2.85 %. CHN

result affected by silicon grease in sample.

6.2.2 Synthesis of PCNCP-type compounds
6.2.2.1 Synthesis of HPPh;
Ph
/
\
Ph
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Triphenylphosphine (21.44 g, 81.4 mmol) and lithium wire (1.32 g, 184 mmol) were
added to THF (200 cm3) at 0 °C under argon and then stirred for 18 h at room
temperature. The resulting mixture was filtered and the filtrate dried in vacuo. The
residue was dissolved in Et,0 (150 cm3), followed by careful addition of degassed water
(150 cm3) at 0 °C. The organic layer was then separated and dried over activated 4A
molecular sieves. The crude product was then purified by vacuum distillation (53 °C, 0.05
mbar) to give a colourless oil (9.7 g, 64%); *H NMR (400 MHz, CDCl3) 7.41 (6H, m, phenyl),
7.58 — 7.66 (4H, m, phenyl); 3'P{*H} NMR (162 MHz, CDCls) 6: —40. NMR spectroscopic

analysis are in good agreement with reported literature values.®

6.2.2.2 Synthesis of L13

(MeO), —/_\N/\ Ph,

k Ph,
(3-Aminopropyl)trimethoxysilane (1.0 cm3, 4.6 mmol), paraformaldehyde (0.34 g, 11.5
mmol) and HPPh; (1.6 cm3, 9.2 mmol) were heated at reflux in toluene (25 cm?3) for 1 h.
MeOH (15 cm3) was then added to aid dissolution of the paraformaldehyde and the
solution heat at reflux again for 1 h. After cooling to room temperature, the solvent was
removed in vacuo and the resulting oil dissolved in Et20 (15 cm3) then filtered. The
filtrate was dried in vacuo to give a yellow viscous oil (1.00 g, 50%); *H NMR (400 MHz,
CDCl) 0.48 — 0.56 (2H, m, SiCH,), 1.45 — 1.65 (2H, m, CH2CH2CH2), 2.89 (2H, t, 3Ju =
7.3 Hz, CH2CH,N), 3.54 (9H, s, Si(OCHs)3), 3.63 (4H, d, 2Jpn = 3.1 Hz, NCH,P), 7.32 — 7.38
(12H, m, phenyl), 7.43 — 7.50 (8H, m, phenyl); 3'P{*H} NMR (162 MHz, CD,Cly) 6: —29;
13C{*H} NMR (101 MHz, CD2Cl,), 6.44 (s, SiCH,), 19.57 (s, CH2CH2CH2), 50.29 (s, Si(OCH3)3),
58.55 (dd, YNpc=9.5 Hz, 3Jpc = 5.5 Hz, NCH2P), 59.16 (t, 3Jpc = 8.9 Hz, CH,N) 128.32 (d, 3Jpc
=7.0 Hz, aryl-C), 128.46 (s, aryl-C), 133.05 (d, 2Jpc = 18.5 Hz, aryl-C), 138.45 (d, Upc = 13.6
Hz, aryl-C).
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6.2.2.3 Attempted synthesis of L14

(MeO), EVARVS Bu,
'Bu,

(3-Aminopropyl)trimethoxysilane (1.0 cm?3, 4.6 mmol), paraformaldehyde (0.35 g, 11.6
mmol) and HP'Bu, (1.30 g, 9.2 mmol) were heated at reflux in toluene (25 cm?) and
MeOH (15 cm?) overnight. Subsequent 3P NMR spectroscopic analysis showed

decomposition of the product and the reaction was abandoned.

6.2.2.4 General procedure for the synthesis of

dialkylbis(hydroxymethyl)phosphonium chloride salts

Paraformaldehyde (2 eq, ~20 mmol) and a secondary phosphine (1 eq.) were dissolved
in water (10 cm3), followed by addition of 1 M HCI (1 eq.) at 0 °C. The mixture was
allowed to warm to room temperature and stirred overnight, then the solvent was
removed in vacuo. The residue was washed with Et20 (3 x 5 cm?3) and dried in vacuo to

give a white solid.

6.2.2.4.1 Synthesis of di-tert-butylbis(hydroxymethyl)phosphonium chloride:

t +
(‘Bu), \—o|-|
Isolated as a white solid (1.54 g, 66%); Umax /cm™ 3209 (O-H), 3130 (O-H br), 2975 (C-H);
'H NMR (400 MHz, D;0) 1.51 (18H, d, 3Jpn = 14.7 Hz, C(CHs)3), 4.72 (4H, d, 2Jpn = 1.6 Hz
PCH,); 3'P{*H} NMR (162 MHz, D20) &: +36; 3C{*H} NMR (101 MHz, D,0), 26.30 (s,
C(CHs)3), 33.08 (d, Jpc = 30.5 Hz, PC(CH3)3), 50.95 (d, YJpc = 52.4 Hz, PCH>); Anal. Calcd for
C10H24CIO2P: C, 49.48; H, 9.97; N, 0.00. Found: C, 49.28; H, 9.98; N, 0.00 %. NMR
spectroscopic analysis and CHN elemental analysis are in good agreement with reported

literature values.?
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6.2.2.4.2 Synthesis of di-iso-propylbis(hydroxymethyl)phosphonium chloride:

. + OH
("Pr), u
OH

Isolated as a white solid (1.61 g, 63%); Umax /cm™ 3104 (O-H br), 2980 (C-H), 2895 (C-H);
'H NMR (400 MHz, D>0) 1.30 (12H, dd, 3Jpr = 16.3 Hz, 3Jun = 7.3 Hz, CH(CH3)2), 2.65—2.83
(2H, m, CH(CH3)2), 4.56 (4H, d, 2Jpn = 1.9 Hz, PCH>); 3'P{*H} NMR (162 MHz, D,0) &: +36;
13C{*H} NMR (101 MHz, D,0), 15.20 (s, CH(CH3)2), 18.10 (d, Ypc = 39.44 Hz, PCH(CHs)2),
49.40 (d, Ypec = 55.9 Hz, PCH>); Anal. Calcd for CgH20CIO,P: C, 44.76; H, 9.39; N, 0.00.
Found: C, 44.37; H, 9.45; N, 0.00 %. NMR spectroscopic analysis and CHN elemental

analysis are in good agreement with reported literature values.®

6.2.2.4.3 Synthesis of dicyclohexylbis(hydroxymethyl)phosphonium chloride:

c +/—OH
Y
OH

Isolated as a white solid (2.07 g, 80%); Umax /cm™ 3153 (O-H br), 2926 (C-H), 2857 (C-H);
IH NMR (400 MHz, D20) 1.1 —1.95 (20H, m, Cy), 2.51 (2H, qt, 3Jun = 12.7 Hz, 3Jun = 2.9 Hz
PCH), 4.53 (4H, d, 2Jpr = 1.9 Hz, PCH,); 31P{*H} NMR (162 MHz, D,0) 6: +29; 33C{*H} NMR
(101 MHz, D20), 24.81 (s, PCHCH>CH,CH>), 25.43 (d, 3Jpc = 4.0 Hz, PCHCH,CH,CH-), 25.71
(d, 2Jpc = 12.2 Hz, PCHCH,), 27.18 (d, Yec = 38.0 Hz, PCH), 49.18 (d, Ypc = 56.6 Hz, PCH-);
Anal. Calcd for C1aH23ClIO2P: C, 57.04; H, 9.57; N, 0.00. Found: C, 56.92; H, 9.57; N, 0.00
%. NMR spectroscopic analysis and CHN elemental analysis are in good agreement with

reported literature values.’

6.2.2.5 Second attempted synthesis of L14

A~
(MeO), —/_\N ‘Bu,

Bu,
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bis(tert-butyl)Hydroxymethylphosphonium chloride (1.5 g, 6.2 mmol) and NEt3 (0.9 cm?,
6.4 mmol) were dissolved in MeOH (15 cm3) and stirred for 10 mins. (3-
aminopropyl)trimethoxysilane (0.5 cm3, 3.1 mmol) was then added and the reaction
heated to reflux for 1 h. 3P spectroscopic analysis of an aliquot of reaction mixture
showed an unidentified side product that could not be removed and the reaction was

abandoned.

6.2.2.6 General procedure for the synthesis of PCNCP compounds L17, L18 and L19

(3-Aminopropyl)silatrane (1.0 g, 4.3 mmol), paraformaldehyde (0.26 g, 8.6 mmol) and
HPPh; (1.5 cm?3, 8.6 mmol) were heated at reflux in a toluene (25 cm3) and MeOH (15
cm?) solvent mixture overnight. After cooling to room temperature, the solvent was
removed in vacuo and the crude solid recrystallized from DCM/pentane and dried in

vacuo to give a white solid.

6.2.2.6.1 Synthesis of L17

N\\/o—/ N Ph,

I N,

Isolated as a white solid. Single crystals suitable for XRD analysis were obtained by
layering a solution of the compound in DCM with hexane (2.0 g, 74%); Umax /cm™ 3051
(C-H aromatic), 2927 (C-H), 2876 (C-H), 1582 (C=C); *H NMR (400 MHz, CDCl3) 0.30 - 0.38
(2H, m, SiCH-), 1.58 — 1.66 (2H, m, CH2CH,CH,), 2.80 (6H, t, 3Jun = 5.8 Hz, OCH2CH:N),
2.84—-2.90 (2H, m, CH,CH:2N), 3.60 (4H, d, 2Jpn = 2.8 Hz, NCH,P), 3.76 (6H, t, 3Jun = 5.8 Hz,
OCH2CHaN), 7.24 — 7.30 (10H, m, phenyl), 7.37 — 7.46 (10H, m, phenyl); 3'P{*H} NMR
(162 MHz, CDCls) &: —28; 13C{*H} NMR (101 MHz, CD2Cl3), 13.69 (s, SiCH2), 21.34 (s,
CH2CH2CH3), 50.96 (s, OCH2CH2N), 57.63 (s, OCH2CH2N), 58.55 (dd, pc= 9.4 Hz, 3Jpc = 4.9
Hz, NCH,P), 59.74 (s, CH2N), 128.16 (s, aryl-C), 128.24 (d, 3Jpc = 2.1 Hz, aryl-C), 133.05 (d,
2Jpc = 18.5 Hz, aryl-C), 138.79 (d, Ypc = 13.4 Hz, aryl-C). Anal. Calcd for C3sH42N203P5Si: C,
66.86; H, 6.73; N, 4.46. Found: C, 66.02; H, 6.54; N, 4.83 %.
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6.2.2.6.2 Synthesis of L18

//\O\_/—\/\tBu

/
(0]

Bu,

Isolated as a white solid (1.3 g, 55%); Umax /cm™ 2935 (C-H), 2862 (C-H); *H NMR (400
MHz, CDCl3) 0.33 —0.40 (2H, m, SiCH>), 1.17 (36H, d, 3Jp = 10.6 Hz, PC(CH3)3) 1.55 — 1.63
(2H, m, CH2CH,CHy), 2.71 — 2.78 (2H, m, CH,CH:2N), 2.80 (4H, s, br, NCH,P), 2.80 (6H, t,
3Jun = 5.8 Hz, OCH2CH:N), 3.76 (6H, t, 3Juu = 5.8 Hz, OCH,CH2N); 3P{*H} NMR (162 MHz,
CDCls) &: +12; 3C{'H} NMR (101 MHz, CDCl3), 13.40 (s, SiCH2), 19.63 (s, CH2CH2CH.),
29.98 (d, 2Jpc = 13.3 Hz, PC(CHs)s), 31.43 (d, Upc = 21.1 Hz, PC(CH3)3), 51.29 (s, OCH,CHaN),
57.63 (s, br, NCH,P), 57.98 (s, OCH,CH;N), 60.32 (s, CH2N). Anal. Calcd for
C27Hs8N203P2Si: C, 59.09; H, 10.65; N, 5.10. Found: C, 58.46; H, 10.30; N, 5.48 %.

6.2.2.6.3 Synthesis of L19

N/\:/:S: _/_\N/\ v,

? I\ Cy,

During work-up the compound found to be soluble in DCM/pentane, therefore the
solvent was removed in vacuo and the crude solid washed with MeOH (15 cm?3), filtered
and dried in vacuo to give a white solid (2.2 g, 41%); Umax /cm™ 2916 (C-H), 2862 (C-H);
'H NMR (400 MHz, CDCl5) 0.31 — 0.40 (2H, m, SiCH-), 1.15 — 1.31 (20H, m, Cy-H), 1.48 —
1.61 (6H, m, CH.CH,CH, + Cy-H), 1.63 — 1.88 (20H, m, Cy-H), 2.59 — 2.66 (2H, m,
CH,N(CH,PPh;),), 2.80 (6H, t, 3Jun = 5.8 Hz, OCH,CH-2N), 2.82 (4H, s, br, NCH,P), 3.76 (6H,
t, 3Jun = 5.8 Hz, OCH.CH2N); 3'P{*H} NMR (162 MHz, CDCl3) &: —18; 3C{*H} NMR
(101 MHz, CD2Cl,), 13.38 (s, SiCH,), 21.11 (s, CH2CH2CH3), 26.66 (s, Cy-C), 27.45 (d, 3Jpc =
9.1 Hz, Cy-C), 29.78 (dd, 2pc = 11.6 Hz, Cy-C), 32.85 (d, Ypc = 12.9 Hz, Cy-C), 51.24 (s,
OCH3CH;N), 52.11 (t, Ypc = 7.0 Hz, NCH>P), 57.96 (s, OCH2CH;N), 60.39 (s, CH,CH2CH,N).
Anal. Calcd for C3sHesN203P,Si : C, 64.38; H, 10.19; N, 4.29. Found: C, 64.52; H, 10.18; N,
3.58 %.
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6.2.3 Synthesis of wide bite angle tetherable phosphines

6.2.3.1 Synthesis of bis(2-(diphenylphosphino)ethyl)amine hydrochloride

Ph, N NS Ph,
H H
Diphenylphosphine (3.0 cm3, 17.0 mmol) and potassium tert-butoxide (2.78 g,
24.9 mmol) were stirred in THF (30 cm?3) for 5 min, followed by addition of bis(2-
chloroethyl)amine (1.37 g, 7.7 mmol). The resulting solution was heated at reflux
overnight, then added to hexane (50 cm?3) and washed with 10% NaOH (50 cm3) and
brine (50 cm?3). After separation, the organic layer was stirred with 2M HCI (50 cm?) to
give a white precipitate. The precipitate was filtered and recrystallised from hot MeCN
(10 cm?) to give a white solid (1.34 g, 35%); Umax /cm™ 3064 (C-H), 2969 br (N-H) 1433
(P-Ph); *H NMR (400 MHz, CDCl3) 2.48 (4H, m, PCH>), 2.95 (4H, s, br, NCH,), 7.23 - 7.33
(12H, m, phenyl), 7.34 — 7.42 (8H, m, phenyl), 9.98 (2H, s, NH,); 3'P{*H} NMR (162 MHz,
CDCl3) 8: —21; 13C{*H} NMR (101 MHz, CDCls) 23.87 (d, Upc = 16.2 Hz, PCH3), 44.20 (d, 2pc
=26.3 Hz, NCH3), 128.82 (d, 3Jpc = 7.0 Hz, aryl-C), 129.2 (s, aryl-C), 132.65 (d, 2Jpc = 19.5
Hz, aryl-C), 136.02 (d, YJpc = 12.4 Hz, aryl-C); Anal. Calcd for C2sH30CINP2: C, 70.36; H, 6.33;
N, 2.93. Found: C, 69.58; H, 5.98; N, 3.41 %. NMR spectroscopic analysis are in good

agreement with reported literature values.*°

6.2.3.2 Attempted synthesis of L20

(MeO),

Ph, \/\N/\/ Ph,

bis(2-(Diphenylphosphino)ethyl)amine hydrochloride (0.19 g, 0.4 mmol) was dissolved
in THF (10 cm?) and stirred at =78 °C, followed by addition of "BuLi (0.4 cm?3, 0.8 mmol).
The solution was allowed to warm to room temperature and stirred for 30 mins to
produce a yellow solution. The solution was re-cooled to —78 °C, followed by dropwise
addition of (3-chloropropyl)trimethoxysilane (0.1 cm?3, 0.4 mmol) and warming to room

temperature, producing a colourless solution. Further stirring for 6 hours was
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undertaken, after which the solution was filtered, and the filtrate dried in vacuo to give
an orange oil. 'H NMR spectroscopic analysis showed the presence of unknown

impurities that could not be removed and the reaction was abandoned.

6.2.3.3 Synthesis of L21

O O« /O\/\N/\/o\ 0 O
0 ﬁ 0
O (OEt)5 O

bis(2-Hydroxyethyl)-3-aminopropyltriethoxysilane, 62% in ethanol (3.25 cm?3, 6.0 mmol)
was dried in vacuo then dissolved in MeCN (30 cm3). NEt3 (1.7 cm3, 12.5 mmol) was
added and the solution cooled to —40 °C, followed by dropwise addition of a solution of
2,2’-biphenol phosphochloridite (2.95 g, 12.0 mmol) dissolved in MeCN (10 cm?3). The
solution was allowed to warm up to room temperature and stirred overnight.
Subsequently, the solvent was removed in vacuo, followed by extraction into toluene
(3 x 10 cm?). Upon addition of hexane (30 cm3) a yellow precipitate was observed, and
the solution was filtered. The filtrate was dried in vacuo to give a colourless oil (1.25 g,
28%); *H NMR (400 MHz, CsDs) 0.76 (2H, t, 2Jun = 7.0 Hz, SiCH>), 0.95 (9H, t, 3Jp = 7.1 Hz,
SiOCH2CH3) 1.44 (2H, t, 3Jun = 7.0 Hz, CH2CH,CH>), 1.74 — 1.84 (2H, m, CH2CH,CH;N), 1.86
—2.01 (4H, m, NCHCH,0), 3.35 —3.54 (4H, m, NCH,CH,0), 3.76 — 3.85 (6H, m, OCH,CH3),
6.90—7.23 (16H, m, aryl); 3'P{*H} NMR (162 MHz, CsD¢) 6: + 138; 13C{*H} NMR (101 MHz,
CsDe), 9.03 (s, SiCH2), 19.04 (s, CH2CH2CH.), 21.11 (s, OCH2CHs), 51.25 (s, CH2CH2CH2N),
52.08 (s, NCH2CH20), 58.79 (s, OCH2CHs), 60.50 (d, 2Jpc = 2.7 Hz, NCH2CH20), 121.89 (s,
aryl-C), 124.81 (s, aryl-C), 129.16 (s, aryl-C), 129.94 (d, 3Jpc = 1.1 Hz, aryl-C), 131.20 (d,
3Jpc = 3.3 Hz, aryl-C), 150.49 (d, 3Jpc = 5.6 Hz, aryl-C).
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6.2.3.4 Attempted synthesis of L22

(OEt),

bis(2-Hydroxyethyl)-3-aminopropyltriethoxysilane, 62% in ethanol (4.07 cm?3, 7.5 mmol)
was dried in vacuo then dissolved in MeCN (30 cm?3). NEt3 (3.4 cm?, 25 mmol) was added
and the solution cooled to -40 °C, followed by dropwise addition of
chlorodiphenylphosphine (2.75 cm3, 15.0 mmol). The solution was allowed up to warm
up to room temperature and stirred overnight. 3'P NMR spectroscopic analysis of an
aliquot of the reaction mixture showed only start material, so the reaction was heated
to reflux for 1 h. 3'P NMR spectroscopic analysis of a second aliquot of reaction mixture

showed decomposition of the phosphine and hence the reaction was abandoned.

6.2.4 Synthesis of tetherable sulfur ligands

6.2.4.1 Synthesis of L5S;

Ph
N/\T\:g VA N~ *25
\\/0/ Ph, lQS

L5 (0.50 g, 0.8 mmol) and elemental sulfur Sg (0.05 g, 1.6 mmol) were dissolved in THF
(10 cm3) and stirred for 48 h. Hexane (10 cm?) was added resulting in a white solid that
was isolated and dried in vacuo to give the target compound (0.43 g, 79%); Umax /cm™
3051 (C-H aromatic), 2972 (C-H), 2881 (C-H), 1588 (C=C), 1435 (P-Ph), 907 (P-N), 644
(P=S); 'H NMR (400 MHz, CDCl3) =0.35 (2H, t, 3Jun = 7.5 Hz, SiCH>), 1.50 (2H, p, 3Jun =
7.5 Hz, CH2CH,CHz), 2.70 (6H, t, 3Juw = 5.8 Hz, OCH,CH:N), 3.36 — 3.53 (2H, m,
CHaN(PPhy)z), 3.57 (6H, t, 3Jun = 5.8 Hz, OCH2CH2N), 7.25 — 7.43 (12H, m, phenyl), 7.95 —
8.05 (8H, m, phenyl); 3P{*H} NMR (162 MHz, CDCls) &: +69; 3C{*tH} NMR (101 MHz,
CDCls) 12.63 (s, SiCHa2), 25.74 (s, CH,CH.CHa), 51.02 (s, OCH2CH:N), 53.18 (s,
CH3N(PPh;y),), 57.52 (s, OCH,CH3N), 127.65 (s, aryl-C), 128.96 (t, 3Jpc = 6.2 Hz aryl-C),
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132.79 (s, aryl-C), 133.91 (t, 2pc = 6.4 Hz, aryl-C). Anal. Calcd for C33sH3sN203P2S3Si: C,
59.62; H, 5.76; N, 4.21. Found: C, 58.48; H, 5.84; N, 4.01 %.

6.3 Chapter 3 experimental

6.3.1 General procedure for preparation of diphosphinediselendies

Elemental grey Se powder (25 mg, 0.0.31 mmol) was added to solution of the desired
bidentate phosphine (0.02 g, 0.07 mmol) in CD2Clz (0.7 cm?3) in a Youngs NMR tube to
give a pale-yellow solution, followed by sonication until complete conversion to the
diselenide derivative was observed. The product was not isolated as only the |%Jsep|

coupling constant is of interest.

Single crystals of BISBI(Se); suitable for XRD analysis were obtained from a CDCl;
solution (Figure 6.2).

Figure 6.2. Molecular structure of BISBI(Se).. Hydrogens omitted for clarity. Selected
bond lengths / A: Se-P 2.117(1), 2.104(1).
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Table 17.3'P{*H} NMR chemical shifts and | Jser| coupling constants measured in

CDxCl; at 162 MHz.

Compound 6/ ppm |Ysep| / Hz
L1(Se)2 +67 786
L2(Se)2 +67 785
L3(Se):2 +67 786
L4(Se), +68 787
L5(Se)2 +67 786
L13(Se)2 +24 732
L17(Se)2 +26 729
L18(Se): +67 688
L19(Se)2 +46 684
L9(Se). +77 1012
L11(Se)2 +78 1010
L12(Se)2 +80 1010
L21(Se)2 +77 1031
L6X(Se) +87 752

BISBI(Se)> +34 738

6.3.2 Synthesis of rhodium(l) complexes

6.3.2.1 Attempted Synthesis of Rh(acac)(L23)

1y, ,‘\\‘O—N
/\/\Ni I “Rh". 2
- \o--’

A solution of L23 (0.07 g, 0.15 mmol) in THF (15 cm3) was added to a solution of
Rh(acac)(CO), (0.05 g, 0.15 mmol) in THF (15 cm?3) and the resulting solution stirred for

12 h. 3P NMR spectroscopic analysis of an aliquot of reaction mixture showed a mixture
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of products; 3'P{*H} NMR (162 MHz, unlocked) &: +64 (d, YJrne = 173 Hz, Rh(acac)(L23)),
+67 ppm (d, Yrhe = 120 Hz, [Rh(L23),][acac]).

6.3.2.2 Synthesis of [Rh(L23):][acac]

Ph, Ph,

4y + oW
P T e e

N /. e
Ph Ph
2 2 o o—

AN

A young’s NMR tube was charged with L23 (0.022 g, 0.05 mmol), Rh(acac)(COD) (0.008
g, 0.05 mmol) and THF (0.7 cm3). The resulting solution was sonicated for 1 h, then all
volatile components were removed in vacuo to give a brown solid (0.015 g, 55%); H
NMR (400 MHz, CDCls) 6: 0.54 (6H, t, 31 = 7.4 Hz, CH,CHs), 0.82 (4H, sextet, , 3y = 7.4
Hz, CH2CH,CHs), 0.96 — 1.08 (4H, m, CH2CH,CH>), 2.04 (3H, s, COCHs), 2.37 (3H, s, COCHs),
2.72-2.85 (4H, m, CHzN), 5.59 (1H, s, COCHCO), 7.21-7.34 (31H, m, phenyl) 7.48 - 7.56
(9H, m, phenyl); 31P{*H} NMR (162 MHz, CDCl3) 6: + 67 (d, Ygrne = 120 Hz); 3C{*H} NMR
(101 MHz, CDCls) &: 13.33 (s, CH,CH3), 20.00 (s, CH,CH>CH3), 28.01 (s, COCHs), 31.85 (s,
CH,CH,CH,), 49.61 (s, NCH,), 100.47 (s, COCHCO), 129.05 (t, 3Jpc = 2.6 Hz, aryl-C), 131.68
(s, aryl-C), 132.26 (t, Ypc = 13 Hz, aryl-C), 132.53 (t, 2Jpc = 3.9 Hz, aryl-C).

6.3.2.3 Optimised synthesis of Rh(acac)(L23)

A solution of L23 (0.12 g, 0.2 mmol) in THF (15 cm3) was added dropwise to a solution of
Rh(acac)(COD) (0.05 g, 0.15 mmol) in THF (15 cm3) at =78 °C. The solution was allowed
to warm up to room temperature and stirred for 2 h. 3'P NMR spectroscopic analysis of
an aliquot of reaction mixture showed =90% selectivity for Rh(acac)(L23); 3'P{*H} NMR
(162 MHz, unlocked) 6: +63 (d, Yrnp = 173 Hz, Rh(acac)(L23)), +67 ppm (d, Jrne = 120 Hz,
[Rh(L23),][acac]).
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6.3.2.4 General procedure for the attempted synthesis of Rh(acac)(P"P) complexes

Rh(acac)(C0O); or Rh(acac)(COD) (0.1 g, 0.4 mmol) and PAP (1 eq., 0.4 mmol) were
dissolved in THF (15 cm?) and stirred for 4 days. The solvent was removed in vacuo and
the resulting solid washed with hexane (3 x 5 cm?) and Et,0 (3 x 5 cm3), then dried in

vacuo. NMR spectroscopic analysis showed various impurities in each sample.

Rh(acac)(L1): 3'P{*H} NMR (162 MHz, unlocked) +63 (d, Jrnp = 170 Hz), +75 (d, YJrnp = 177
Hz).

Rh(acac)(L9): 3'P{*H} NMR (162 MHz, unlocked) +147 (d, Hrnp = 262 Hz).

Rh(acac)(L13): 3'P{*H} NMR (162 MHz, unlocked) +31 (d, Hrnp = 172 Hz), +33 (d, Urne =
172 Hz), +36 (d, Urnp = 180 Hz).

Rh(acac)(L21): 3*P{*H} NMR (162 MHz, unlocked) +147 (d, Yrnp = 285 Hz), +156 (d, Jrne
=296 Hz).

6.3.2.5 Synthesis of Rh(acac)(L19)

Rh(acac)(CO); (0.1 g, 0.4 mmol) and L19 (0.25 g, 0.4 mmol) were dissolved in THF
(15 cm?3) and stirred for 3 h. The solvent was removed in vacuo and the resulting solid
washed with hexane (3 x 5 cm?) and Et,0 (3 x 5 cm?3), then dried in vacuo to give a yellow
solid (0.13 g, 38%); Umax /cm™t 2919 (C-H), 2849 (C-H), 1952 (C=0); 'H NMR (400 MHz,
d8-THF) 0.22 — 0.29 (2H, m, SiCHa), 1.19 — 1.40 (12H, m, Cy-H + SiCH,CH.), 1.48 — 1.72
(12H, m, Cy-H), 1.78 (6H, s, COCHs), 1.79 — 1.90 (18H, m, Cy-H), 1.97 — 2.06 (4H, m, Cy-
H), 2.34 (4H, s, br, NCH,P), 2.41 (2H, s, br, CH,CH,CH2N), 2.79 (6H, t, 3Jun = 5.7 Hz,
OCH,CH;N), 3.67 (6H, t, 3Jun = 5.7 Hz, OCH2CH2N), 5.21 (1H, s, COCHCO); 3'P{*H} NMR
(162 MHz, d8-THF) +42 (d, YJrhp = 185.9 Hz); 3C{*H} NMR (101 MHz, d®-THF) 13.76 (s,
SiCH,), 20.50 (s, CH,CH,CH,), 21.18 (s, CH3CO), 26.69 (s, Cy-C), 27.57 (d, 2Jpc = 25.3 Hz,
Cy-C), 29.32 (s, Cy-C), 35.62 (d, Upc = 10.2 Hz, Cy-C), 50.92 (s, OCH,CH,N), 51.26 (d, Upc
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= 41.8 Hz, NCHP), 57.54 (s, OCH,CH2N), 58.35 (s, CH2CH2CH>N), 98.25 (d, 3Jrhc = 77.0 Hz,
COCHCO), 182.52 (s, CH3CO); Anal. Calcd for CaoH73N205P2RhSi: C, 56.19; H, 8.61; N, 3.28.
Found: C, 55.70; H, 8.46; N, 2.53 %.

6.3.2.6 Synthesis of Rh(acac)(COD)

\ ll,,'.. -"‘\\0—\

Rh >
\ / \o__/

Rh(acac)(CO); (0.30 g, 1.2 mmol) and COD (5 cm?3, 40 mmol) were stirred in pet. ether
(15 cm3) for 3 h at room temperature. The solvent was then removed in vacuo to give a
yellow solid (0.34 g, 94%); Umax /cm™2982 (C-H), 2928 (C-H), 2880 (C-H), 2831 (C-H),
1561 (C=C), 1513 (C=C); *H NMR (400 MHz, C¢Dg) 6: 1.52 — 1.66 (4H, m, CHCH-), 1.78 (6H,
s, COCHs), 2.16 —2.32 (4H, m, CHCH>), 4.33 (4H. s, CHCH,), 5.14 (1H, s, COCHCO); 3C{*H}
NMR (101 MHz, C¢Dg) 6: 26.92 (d, 3Jrnc = 1.1 Hz, COCH3), 30.20 (s, CHCH2), 75.91 (d, Ygnc
= 14.1 Hz, CHCH,), 99.42 (d, 3Jrnc = 1.9 Hz, COCHCO), 186.36 (s, CH3CO); Anal. Calcd for
Ci3H1902Rh: C, 50.34; H, 6.17. Found: C, 51.40; H, 6.28 %. NMR spectroscopic analysis

are in good agreement with reported literature values.!!

6.3.2.7 Attempted synthesis of Rh(acac)(BISBI)

A solution of BISBI (0.09 g, 0.2 mmol) in THF (10 cm?3) was added dropwise to a solution
of Rh(acac)(COD) (0.05 g, 0.2 mmol) in THF (10 cm?3) at =78 °C. The resulting solution was
allowed to warm to room temperature and stirred for 3 h. 3P NMR spectroscopic
analysis of an aliquot of reaction mixture subsequently showed a mixture of products

and the reaction was abandoned.
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6.3.2.8 General procedure for the synthesis of [Rh(P"P):2]acac complexes

Rh(acac)(CO)2 (0.05 g, 0.2 mmol) and PAP (1 equiv., 0.2 mmol) were dissolved in THF
(20 cm?) and stirred overnight. The solvent was removed in vacuo to give the target

product.

6.3.2.8.1 Synthesis of [Rh(L5):]acac

/o Ph2 tﬂﬂphz ,o/\

N Do SN mr SN\

v i Yo
Ph, Ph,

(0] o

AN

Single crystals of [Rh(L5).]Cl suitable for XRD analysis were obtained by layering a
solution of [Rh(L5);]acac in DCM with hexane; yellow solid (0.27 g, 74%); Umax/cm~3068
(C-H aromatic), 2930 (C-H), 2880 (C-0), 1585 (C=C), 1574 (C=C), 1433 (P-Ph), 912 (P-N);
'H NMR (400 MHz, CDeD¢) 0.00 (4H, t, 3Jun = 7.1Hz, SiCH,), 1.35 (4H, p, 3Jun = 7.1 Hz,
CH2CH,CH,), 1.93 (6H, s, br, CH3CO), 2.17 (12H, t, 3Jun = 5.9 Hz, OCH,CH:2N), 2.80 — 2.92
(4H, m, CH2N(PPhy)2), 3.19 (12H, t, 3Jun = 5.9 Hz, OCH2CH:2N), 4.61 (1H, s, COCHCO), 6.99
(16H, t, 3Jun = 7.8 Hz, phenyl), 7.15 (8H, s, phenyl), 7.18 — 1.26 (16H, m, phenyl); 3'P{*H}
NMR (162 MHz, CD¢Dg) &: +66 (d, Hrne = 120 Hz); 3C{*H} NMR (101 MHz, CD¢D¢) 13.28
(s, SiCHy), 25.79 (s, CH,CH,CH,), 30.06 (s, br, CH30), 46.23 (s, CH,N(PPh3),), 50.25 (s,
OCH,CH:N), 56.99 (s, OCH2CH2N), 100.89 (s, COCHCO), 128.59 (t, 3Jpc = 2.5 Hz, aryl-C),
131.02 (s, aryl-C), 132.67 (t, 2Jec = 4.3 Hz, aryl-C), 136.04 (s, aryl-C); Anal. Calcd for
C71Hs3N4OgRhSiz: C, 60.76; H, 5.96; N, 3.99. Found: C, 59.91; H, 5.76; N, 3.76 %.

6.3.2.8.2 Synthesis of [Rh(L17).]acac: A mixture of [Rh(L17);]acac and Rh(acac)(L17) was
produced as determined by 3P NMR spectroscopic analysis of an aliquot of the crude

reaction mixture and the reaction was abandoned.
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6.3.2.8.3 Synthesis of [Rh(L18).]acac: A mixture of [Rh(L18);]acac and Rh(acac)(L18)
was produced as determined by 3P NMR spectroscopic analysis of an aliquot of the

crude reaction mixture and the reaction was abandoned.

6.3.2.9 Synthesis of [Rh2Cl>(COD);]
\\‘ I

\,,,

\\

RhCl3 (3.0 g, 11.4 mmol) 1,5-cyclooctadiene (6 cm3, 48 mmol) were dissolved in ethanol
(30 cm3) and the solution was heated at reflux for 3 h. After cooling to room
temperature, the mixture was filtered and the resulting solid washed with acetic acid
(1 x 5 cm?) and ethanol (3 x 5 cm?) then dried in vacuo to give an orange/yellow solid
(2.07 g, 74%); 'H NMR (400 MHz, CDCl3) 1.71 — 1.82 (8H, m, CH.), 2.44 — 2.58 (8H, m,
CH.), 4.23 (8H, s, br, CH=CH); 13C{*H} NMR (101 MHz, CDCl3) 30.88 (s, CH2), 78.71 (d, YJrnp
= 13.8 Hz, CH=CH). NMR spectroscopic analyses are in good agreement with reported

literature values.1?

6.3.2.10 Synthesis of [Rh(COD);]BF4

11, ‘\\

4
Rh,Cl,(COD); (2.0 g, 4.1 mmol) and COD (1.0 cm?3, 8.2 mmol) were dissolved in DCM
(20 cm?). A solution of AgBF4 (1.6 g, 8.2 mmol) in DCM (40 cm?3) was then added dropwise
and the solution stirred for 30 mins. The resulting mixture was then filtered and dried in
vacuo. The crude product was then washed with diethyl ether (3 x 5 cm?) and dried in
vacuo affording a red solid (2.92 g, 89%); Umax /cm™ 2922 (C-H), 2842 (C-H), 1556 br
(C=C); H NMR (400 MHz, CDCl3) 2.44 —2.57 (8H, m, CH,), 2.58 —2.71 (8H, m, CH.), 5.37
(8H, s, br, CH=CH); *B{*H} NMR (128 MHz, CDCl3) —=0.9 (s, br); **F{*H} NMR (376 MHz,
CDCl3) =153.3 (s); 3C{*H} NMR (101 MHz, CDCl3) 29.75 (s, CH>), 107.54 (d, Yrnp = 7.7 Hz,
CH=CH); Anal. Calcd for C16H24BF4Rh: C, 47.33; H, 5.96. Found: C, 47.24; H, 5.79 %. NMR
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spectroscopic analysis and CHN elemental analysis showed are in agreement with

reported literature values.3

6.3.2.11 Synthesis of [Rh(L5).]BF4

/o PP Ph2 o 0\

+
N\/\O—\ /\/\N/ “'“Rh"“‘ \N/\/\ /_0/\/N
s Npe” L Ty \

4
L5 (0.15 g, 0.2 mmol) was dissolved in THF (10 cm?) and added dropwise to a solution of
[Rh(COD),]BF4 (0.10 g, 0.2 mmol) in THF (10 cm3). The mixture was stirred for 30 mins
after which time NMR spectroscopic analysis of the crude reaction mixture showed
conversion to [Rh(L5):]BF4 rather than [Rh(COD)(L5)]BFs. A second equivalent of L5
(0.15 g, 0.2 mmol) was then added and the resulting solution stirred for 1 h, then filtered.
The filtrate was dried in vacuo to give a yellow solid (0.22 g, 64%); Umax /cm™ 3059 (C-H
aromatic) 2964 (C-H), 2873 (C-H), 1632 (C=C), 1589 (C=C), 1436 (P-Ph), 910 (P-N); H
NMR (400 MHz, CDCl3) —0.04 (4H, t, 3Jun = 7.1 Hz, CH.Si), 1.23 — 1.40 (4H, m, CH2CH,CH>),
2.73 (12H, 3Jun =5.9 Hz, OCH,CH;N), 2.82 — 2.95 (4H, m, CH.N(PPh3)2), 3.51 (12H, 3Jun =
5.9 Hz, OCH,CH3N), 7.21 — 7.34 (32H, m, phenyl), 7.44 — 7.51 (8H, m, phenyl); 3'P{*H}
NMR (162 MHz, CDCl3) 6: +65 (d, Ugrnp = 124.5 Hz); 1B{*H} NMR (128 MHz, CDCl3) —0.9
(s, br); F{*H} NMR (376 MHz, CDCl3) —=154.2 (s); 3C{*H} NMR (101 MHz, CDCl3) 13.00 (s,
SiCH3), 25.65 (s, CH2CH2CH3), 50.66 (s, OCH2CH2N), 52.71 (s, CH.CH2CH2N), 57.34 (s,
OCH>CH:N), 128.73 (t, 3Jpc = 2.6 Hz, aryl-C), 130.68 (s, aryl-C), 131.17 (s, aryl-C), 132.82
(t, dist, 2Jpc = 3.6 Hz, aryl-C); Anal. Calcd for CesH76BF4N4O6P4RNSi,: C, 56.98; H, 5.51; N,
4.03. Found: C, 53.55; H, 5.97; N, 3.06 %. CHN result affected by silicon grease in sample.

6.3.2.12 Synthesis of [Rh(L17).]BF4

N Phe P ,o/\

N\/\o—: NS mr TSNS N LN
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[Rh(COD);]BF4 (0.20 g, 0.5 mmol) and L17 (0.62 g, 1.0 mmol) were dissolved in THF (20
cm?) and stirred for 3h. The solvent was removed in vacuo and the resulting solid washed
with Et,0 (3 x 5 ml) and dried in vacuo to give a yellow solid (0.63 g, 74%); Umax /cm™
3052 (C-H aromatic) 2981 (C-H), 2878 (C-H), 1587 (C=C), 1435 (P-Ph); *H NMR (400 MHz,
CDCl3) 0.30 — 0.38 (2H, m, SiCH,), 1.58 — 1.66 (2H, m, CH2CH>CH>), 2.80 (6H, t, 3Jun =
5.8 Hz, OCH2CH:N), 2.84 — 2.90 (2H, m, CH2CH3N), 3.60 (4H, d, 2Jpn = 2.8 Hz, NCH,P), 3.76
(6H, t, 3Jun = 5.8 Hz, OCH,CH;N), 7.24 — 7.30 (10H, m, phenyl), 7.37 — 7.46 (10H, m,
phenyl); 31P{*H} NMR (162 MHz, CDCls) &: —28; 13C{*H} NMR (101 MHz, CD,Cl,), 13.69 (s,
SiCH3), 21.34 (s, CH2CH>CH3), 50.96 (s, OCH2CH:2N), 57.63 (s, OCH,CH;N), 58.55 (dd, Lpc
= 9.4 Hz, 3Jpc = 4.9 Hz, NCH,P), 59.74 (s, CH2N), 128.16 (s, aryl-C), 128.24 (d, 3Jpc = 2.1 Hz,
aryl-C), 133.05 (d, 2Jec = 18.5 Hz, aryl-C), 138.79 (d, YJpc = 13.4 Hz, aryl-C). Anal. Calcd for
C70HsaBF4N4OsP4RhSi2: C, 58.09; H, 5.85; N, 3.87. Found: C, 58.66; H, 6.03; N, 3.59 %.

6.3.2.13 Synthesis of [Rh(COD)(L12)]BF4

(OAr) (OAr)
/o ’ ’ 0\ - OO

N N NN e SN N L /\/N
o— N Rh N (o] (OAr), =
\\/O/ Sp ~~p” \O\) 2 HO Oe
(OAr), (OAr), _

4 (s)

L12 (0.21 g, 0.2 mmol) was dissolved in THF (10 cm?3) and added dropwise to a solution
of [Rh(COD),]BF4 (0.05 g, 0.2 mmol) in THF (10 cm?). The resulting mixture was stirred
2 h, then filtered. The filtrate was dried in vacuo to give an orange solid (0.15 g, 64%);
Umax /cm™1 3067 (C-H aromatic), 2871 (C-H), 1620 (C=C), 1589 (C=C), 1068 (P-0), 870 (P-
N); 'H NMR (400 MHz, d3-THF) —0.87 — —0.72 (4H, m, CHSi), 0.84 — 0.98 (2H, m,
CH2CH,CH2), 1.27 — 1.41 (2H, m, CH2CH,CH2), 1.78 — 1.94 (2H, m, CH2N(PPh3),), 2.36 —
2.47 (2H, m, CH2N(PPha)2), 2.62 (12H, 3Jun = 5.9 Hz, OCH2CH:N), 3.25 — 3.40 (12H, m,
OCH,CH;N), 6.78 — 6.82 (4H, m, phenyl), 7.04- 7.15 (8H, m, phenyl), 7.16 — 7.27 (8H, m,
phenyl), 7.31 — 7.37 (4H, m, phenyl), 7.42 —7.57 (12H, m, phenyl), 7.68 — 7.73 (4H, m,
phenyl), 7.97 —8.02 (4H, m, phenyl), 8.09 —8.14 (4H, m, phenyl); 3'P{*H} NMR (162 MHz,
d8-THF) &: +119 (d, Urne = 198.2 Hz); B{'H} NMR (128 MHz, d®-THF) 0.9 (s, br); F1*{*H}
NMR (376 MHz, CDCl3) —153.5 (s); *C{*H} NMR (101 MHz, d®-THF) 13.66 (s, SiCHz), 26.75
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(s, CH2CH,CHy), 50.42 (s, OCH2CH;N), 51.88 (s, CH,CH2CH2N), 56.98 (s, OCH,CH:2N),
119.99 (s, aryl-C), 120.30 (s, aryl-C), 120.95 (s, aryl-C), 121.65 (s, aryl-C), 125.54 (s, aryl-
C), 125.67 (s, aryl-C), 126.23 (s, aryl-C), 126.47 (s, aryl-C), 126.52 (s, aryl-C), 126.91 (s,
aryl-C), 128.36 (s, aryl-C), 128.54 (s, aryl-C), 130.63 (s, aryl-C), 131.18 (s, aryl-C), 131.31
(s, aryl-C), 131.59 (s, aryl-C), 131.77 (s, aryl-C), 132.00(s, aryl-C), 145.74 (s, aryl-C), 148.25
(s, aryl-C); Anal. Calcd for CogHgaBFaN2O14P4RhSi2-CsH12: C, 63.04; H, 4.79; N, 2.77. Found:
C,62.97; H, 4.85; N, 2.59 %.

6.3.2.14 Synthesis of [Rh(COD)(L19)]BF4

L19 (0.64 g, 1.0 mmol) and [Rh(COD);]BF4 (0.20 g, 0.5 mmol) were dissolved in THF (20
cm?) and stirred for 3 h. Subsequently, 3'P NMR spectroscopic analysis of an aliquot of
reaction mixture showed the formation of [Rh(COD)(L19)]BF4 rather than [Rh(L19)2]BFa,
so a second equivalent of [Rh(COD);]BFs (0.20 g, 0.5 mmol) was added to complete
conversion to [Rh(COD)(L19)]BF4 and the reaction stirred for a further 3h. The solvent
was then removed in vacuo and the resulting solid washed with hexane (3 x 5 cm3), then
dried in vacuo to give a yellow solid (0.75 g, 75%); Umax /cm™ 2922 (C-H), 2851 (C-H),
1632 (C=C); *H NMR (400 MHz, d3-THF) 0.24 — 0.32 (2H, m, SiCH,), 1.23 — 1.69 (26H, m,
Cy-H + SiCH,CH,), 1.76 (8H, s, CH,CH=CH), 1.80 — 1.93 (8H, m, Cy-H), 1.96 — 2.04 (4H, m,
Cy-H), 2.06 — 2.16 (4H, m, Cy-H), 2.21 — 2.29 (4H, m, Cy-H), 2.41 (2H, t, 3Jun = 7.4 Hz,
CH2CH2CH2N), 2.84 (6H, t, 3Jum = 6.0 Hz, OCH2CH2N), 2.92 (4H, s, br, NCH:P), 3.68 (6H, t,
3Jun = 6.0 Hz, OCH2CH2N), 5.27 (4H, s, br, CH2CH=CH); 3'P{*H} NMR (162 MHz, d8-THF) 6:
+9 (d, Ygwe = 139.5 Hz); BY{'H} NMR (128 MHz, d&-THF) —1.1 (s, br); F*%{*H} NMR
(376 MHz, CDCls) —153.4 (s); 3C{*H} NMR (101 MHz, d3-THF) 13.96 (s, SiCH,), 21.48 (s,
CH2CHCHy), 26.15 (s, Cy-C), 27.06 (d, 2Jpc = 44.6 Hz, Cy-C), 28.89 (s, Cy-C), 30.36 (d, 2rnc
= 11.7 Hz, CH,CH=CH), 37.26 (d, YUpc = 10.1 Hz, Cy-C), 50.32 (s, CH2CH2CH:N), 50.69 (s,
OCH,CH;N), 56.51 (s, CH,CH2CH,N), 57.38 (s, OCH,CH,N), 128.22 (s, CH,CH=CH); Anal.
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Calcd for Ca3H78BF4N203P2RhSi: C, 54.32; H, 8.27; N, 2.95. Found: C, 54.88; H, 8.40; N,
2.35%.

6.3.2.15 Synthesis of [Rh(COD)(L5S;]BF4

N O_\ /\/\N/ =S“"‘Rh'.“““
/ N — v \
0 =5 /

4

L5S; (0.16 g, 0.2 mmol) was dissolved in THF (10 cm?) and added dropwise to a solution
of [Rh(COD);]BF4 (0.10 g, 0.2 mmol) in THF (10 cm3). The mixture was stirred for 30 mins
and the resulting precipitate was then filtered and dried in vacuo affording a yellow solid
(0.18 g, 78%); Umax /cm™1 3064 (C-H aromatic), 2977 (C-H), 2863 (C-H), 1587 (C=C), 1438
(P-Ph), 887 (P-N), 665 (P=S); *H NMR (400 MHz, CDCl3) —0.46 (2H, t, 3Jun = 6.6 Hz, CH,Si),
0.09 - 1.02 (2H, m, CH,CH>CH,), 1.74 — 1.82 (4H, m, CH,CH=CH), 1.98 — 2.10 (4H, m,
CH2CH=CH), 2.75 (6H, t, 3Jun = 5.9 Hz, OCH2CH:N), 3.20 — 3.36 (2H, m, CH2N(P(S)Phz)2),
3.49 (6H, t, 3Jun = 5.9 Hz, OCH,CH3N), 4.17 (4H, s, br, CH=CH), 7.67 — 7.75 (8H, m, phenyl),
7.78 — 7.88 (12H, m, phenyl); 3'P{*H} NMR (162 MHz, CDCls) 6: +65 (d, 2Jrhe = 4.3 Hz);
11B{1H} NMR (128 MHz, CDCl3) —0.8 (s, br); *F{*H} NMR (376 MHz, CDCls) -153.9 (s);
13C{!H} NMR (101 MHz, CDCls) 12.80 (s, SiCH2), 25.62 (s, CH2CH.CH2), 30.78 (s,
CH2CH=CH), 50.31 (s, OCH,CH;N), 54.71 (s, CH2CH2CH3N), 57.07 (s, OCH2CH:N), 84.57 (d,
phe = 11.9 Hz, CH2CH=CH), 128.26 (s, aryl-C), 129.50 (t, dist, 3Jpc = 6.9 Hz, aryl-C), 132.54
(t, dist, 2Jpc=5.9 Hz, aryl-C), 134.21 (s, aryl-C). Anal. Calcd for C41Hs0BF4N203P2RhS,Si: C,
51.15; H, 5.24; N, 2.91. Found: C, 51.17; H, 5.30; N, 2.84 %.

6.3.3 Synthesis of Palladium(Il) complexes
6.3.3.1 General procedure for the synthesis of Pdl>(PAP) complexes

PdCl>(MeCN), or PdCl(COD) (1 eq., ~0.4 mmol), PAP (1 eq., 0.4 mmol) and Nal (10 eq.,
~4 mmol) were dissolved in acetone (20 cm3) and stirred for 3 h. The solvent was

removed in vacuo and DCM (10 cm3) added resulting in a coloured solution and white
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precipitate. Upon filtration of the mixture, hexane (20 cm?) was added to the solution,
resulting in a precipitate that was isolated by filtration and dried in vacuo to give the

target compound.

Note: CHN analysis of palladium halide compounds consistently gave lower C, H and N
values than expected, despite analysis of single crystals of each compound, suggesting

incomplete combustion during analysis.

6.3.3.1.1 Synthesis of PdI(L5)

N NN N e
0 NG P

Ll

0/

Isolated as an orange solid (0.25 g, 68%). Single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in CDCl3 with hexane; umax /cm™ 3051
(C-H aromatic), 2909 (C-H), 2859 (C-H), 1584 (C=C), 1432 (P-Ph), 904 (P-N); *H NMR (400
MHz, CDCl3) -0.02 (2H, t, 3Jnn = 7.4 Hz, SiCH.,), 1.29 — 1.38 (2H, m, CH,CH,CH5), 2.70 (6H,
t, 3Jun = 5.9 Hz, OCH,CH:N), 2.81 — 2.94 (2H, m, CH2N(PPhy),), 3.53 (6H, t, 3Jun = 5.9 Hz,
OCH,CH;N), 7.46 —7.54 (8H, m, phenyl), 7.58 — 7.64 (4H, m, phenyl), 7.83 — 7.92 (8H, m,
phenyl); 3'P{*H} NMR (162 MHz, CDCl3) 6: +23; 3C{*H} NMR (101 MHz, CDCl3) 10.88 (s,
SiCH2), 25.24 (s, CH2CH2CHz), 50.87 (s, OCH2CH2N), 54.86 (s, CH2N(PPhz)2), 57.34 (s,
OCH,CH:N), 128.63 (s, aryl-C), 128.96 (t, 3Jpc = 6.2 Hz aryl-C), 132.79 (s, aryl-C), 133.91
(t, 2Jpc = 6.4 Hz, aryl-C); Anal. Calcd for C33Hssl.N2O3P,PdSi: C, 41.25; H, 3.99; N, 2.92.
Found: C, 39.02; H, 3.81; N, 2.76 %.

6.3.3.1.2 Synthesis of PdI>(L17)

f\o Ph,

AN /\ 1, "\\I
N oSN el
o - !

Ph,

Isolated as an orange solid (0.13 g, 75%); Single crystals suitable for XRD analysis were

obtained by layering a solution of the compound in DCM with hexane; umax /cm™ 3050
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(C-H aromatic), 2937 (C-H), 2863 (C-H), 1621 (C=C), 1585 (C=C), 1431 (P-Ph); 'H NMR
(400 MHz, CDCl3) 0.14 —0.22 (2H, m, SiCH,), 1.37 — 1.48 (2H, m, CH2CH2CHa), 2.55 (2H, t,
3Jun = 7.9 Hz, CH,CH2CH:N), 2.80 (6H, t, 3Jun = 5.9 Hz, OCH2CH:N), 3.42 (4H, d, 2pp = 1.3
Hz, NCH2P) 3.72 (6H, t, 3Jun = 5.9 Hz, OCH2CH3N), 7.36 — 7.42 (8H, m, phenyl), 7.43 — 7.49
(4H, m, phenyl), 7.79 — 7.87 (8H, m, phenyl); 3'P{*H} NMR (162 MHz, CDCls) 6: —6; 3C{*H}
NMR (101 MHz, CDCls) 13.44 (s, SiCH2), 19.39 (s, CH2CH2CH2), 50.91 (s, OCH2CH:2N), 56.98
(d, Upc = 47.1 Hz, NCH1P), 57.59 (s, OCH2CH2N), 66.60 (t, 3Jpc = 9.1 Hz, CH2CH2CHaN),
128.26 (t, 3Jpc = 5.5 Hz, aryl-C), 131.00 (s, aryl-C), 131.60 (d, Upc = 3.6 Hz, aryl-C), 134.02
(t, 2Jpc = 4.8 Hz, aryl-C); Anal. Calcd for CasHa212N203P,PdSi: C, 42.51; H, 4.28; N, 2.83.
Found: C, 40.00; H, 4.18; N, 2.60 %.

6.3.3.1.3 Synthesis of PdI>(L18)

r\o B,

/\/\/\ d“I
\\/o \// ~

Bu,

Isolated as a brown solid (0.23 g, 73%). Single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in CDCls with hexane; Umax /cm™ 2945
(C-H), 2867 (C-H); *H NMR (400 MHz, CDCl3) 0.34 — 0.41 (2H, m, SiCH), 1.60 (36H, d, 3Jpx
= 13.9 Hz, C(CHs)s3), 1.62 — 1.71 (2H, m, CH2CH,CH3), 2.70 (2H, t, 3Jun = 7.9 Hz,
CH,CH,CH;,N), 2.87 (6H, t, 3Jun = 5.9 Hz OCH2CH>N), 3.04 (4H, d, 2Jpn = 2.6 Hz, NCH.P) 3.81
(6H, t, 3Jun = 5.9 Hz, OCH,CH2N); 3'P{*H} NMR (162 MHz, CDCl3) 6: +37; 1*C{*H} NMR (101
MHz, CDCls) 13.77 (s, SiCHz), 20.13 (s, CH2CH2CHz), 31.77 (s, PC(CHs)3), 39.42 (d, Upc =
14.2 Hz, NCH2P), 50.99 (s, OCH2CH:2N), 57.70 (s, OCH2CH2N), 62.61 (s, CH2CH>CH2N). CHN

unsuccessful.

6.3.3.1.4 Synthesis of PdI>(L19)

f\o Cv2

/\/\/\u d\\|

\\/o \// ~

Cy,
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Isolated as a brown solid (0.49 g, 69%). Single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in DCM with hexane; umax /cm™ 3919
(C-H), 2850 (C-H); *H NMR (400 MHz, CDCl3) 0.35—0.42 (2H, m, SiCH,), 1.12 = 1.57 (22H,
m, Cy-H + SiCH>), 1.60 — 1.85 (14H, m, Cy-H), 1.95 — 2.05 (4H, m, Cy-H), 2.35 — 2.47 (4H,
m, Cy-H), 2.61 (2H, t, 3Jun = 7.7 Hz, CH2CH2CH>N), 2.74 — 2.79 (2H, m, Cy-H), 2.84 (4H, d,
2)pc = 1.6 Hz, NCH-P), 2.87 (6H, t, 3Jun = 5.8 Hz, OCH2CH2N), 3.81 (6H, t, 3Jun = 5.8 Hz,
OCH,CH;N); 3'P{*H} NMR (162 MHz, CDCls) +24; 3C{*H} NMR (101 MHz, CDCls) 13.76 (s,
SiCH,), 20.13 (s, CH2CH,CH>), 25.88 (s, Cy-C), 27.08 (d, 2ec = 29.8 Hz, Cy-C), 29.88 (s, Cy-
C), 30.86 (s, Cy-C), 48.71 (d, Ypc = 41.8 Hz, NCHzP), 51.05 (s, OCH2CH;N), 57.73 (s,
OCH,CH;N), 66.57 (s, CH,CH>CH;N); Anal. Calcd for CasHesloN203P,PdSi: C, 41.49; H, 6.57;
N, 2.76. Found: C, 41.02; H, 6.64; N, 2.59 %.

6.3.3.1.5 Synthesis of Pdlz(L11)

Isolated as a red solid (0.18 g, 63%). Single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in CD,Cl> with hexane; Umax /cm™ 3063
(C-H aromatic), 2922 (C-H), 2874 (C-H), 1607 (C=C), 1567 (C=C) 1042 (P-0), 873 (P-N); 'H
NMR (400 MHz, CDCl3) -0.17 (2H, t, 3Jun = 7.9 Hz, SiCH,), 1.21 —1.27 (2H, m, CH,CH,CH>),
2.72 (6H, t, 3Jun = 5.9 Hz, OCH,CH:N), 2.73 — 2.77 (2H, m, CH2N(PPh,)2), 3.59 (6H, t, 2Jun
= 5.9 Hz, OCH,CH;N), 7.41 — 7.48 (4H, m, aryl), 7.49 — 7.60 (8H, m, phenyl), 7.64 — 7.69
(2H, m, phenyl), 7.93 — 8.00 (2H, m, phenyl); 3!P{*H} NMR (162 MHz, CDCl3) §: +67;
13C{*H} NMR (101 MHz, CDCl3); Anal. Calcd for CazHsalaN,0,P2PdSi: C, 38.82; H, 3.36; N,
2.74. Found: C, 36.76; H, 3.32; N, 2.62 %. 3C{*H} NMR Singal intensity too low

interpretation due to poor solubility of the compound in CDCls.
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6.3.3.1.6 Synthesis of PdI>(L12)
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Isolated as a red solid (0.18 g, 62%). Single crystals suitable for XRD analysis were
obtained by layering a solution of the compound in CDCls with hexane; Umax /cm™ 3069
(C-H aromatic), 2925 (C-H), 2874 (C-H), 1619 (C=C), 1590 (C=C) 1069 (P-0), 890 (P-N); *H
NMR (400 MHz, CDCl3) -0.60 = -0.46 (1H, m, SiCH3), -0.41 - -0.28 (1H, m, SiCH>), 0.95 —
1.04 (1H, m, CHCH,CH;), 1.28 — 1.42 (1H, m, CH,CH,CH;), 2.11 — 2.32 (1H, m,
CH,CH,CH:N), 2.56 (6H, t, 3Jun = 5.9 Hz, OCH,CH;N), 2.67 — 2.82 (1H, m, CH,CH,CH:N),
3.25-3.40 (6H, m, OCH,CH;N), 7.27 — 7.36 (6H, m, aryl), 7.38 — 7.43 (2H, m, aryl), 7.47
—7.56 (4H, m, aryl), 7.66 (2H, d, 3Jun = 8.9 Hz, aryl), 7.87 (2H, d, 3Jun = 8.9 Hz, aryl), 7.94
(2H, d, 3Jun = 8.3 Hz, aryl), 7.98 —8.03 (4H, m, aryl), 8.14 (2H, d, 3Jun = 8.9 Hz, aryl); 31P{*H}
NMR (162 MHz, CDCls) &: +68; 13C{*H} NMR (101 MHz, CDCls) 13.34 (s, SiCH>), 26.12 (s,
CH2CH,CH3), 50.79 (s, OCH.CH:N), 52.58 (s, CH.CHCH;N), 57.18 (s, OCH,CH:N),
119.82.63 (s, aryl-C), 121.37 (s, aryl-C), 121.53 (s, aryl-C), 121.55 (s, aryl-C), 122.55 (s,
aryl-C), 126.08 (s, aryl-C), 126.10 (s, aryl-C), 126.75 (s, aryl-C), 126.89 (s, aryl-C), 127.24
(s, aryl-C), 127.45 (s, aryl-C), 128.60 (s, aryl-C), 128.82 (s, aryl-C), 131.42 (s, aryl-C),
131.74 (s, aryl-C), 131.79 (s, aryl-C), 132.19 (s, aryl-C), 132.37, (s, aryl-C), 147.24 (s, aryl-
C), 148.42 (s, aryl-C); Anal. Calcd for CagHazloN2O7P,PdSi: C, 48.20; H, 3.47; N, 2.29.
Found: C,47.04; H, 3.53; N, 2.18 %.
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6.3.3.2 Synthesis of PdCl>(L5)

K\O Phy Nel

WP TN 2
Ph,

L5 (0.175 g, 0.3 mmol) and PdCl;(MeCN); (0.075 g, 0.3 mmol) were dissolved in DCM (10
cm?) and stirred overnight. The reaction mixture was then layered with Et,0 (15 cm3)
resulting in crystals suitable for XRD analysis (Figure 6.3). The crystals were filtered and
dried in vacuo to give a pale yellow solid (0.12 g, 56%); Umax /cm~ 3050 (C-H aromatic),
2966 (C-H), 2869 (C-H), 1585 (C=C), 1571 (C=C), 890 (P-N); *H NMR (400 MHz, CDCls) &:
0.02 (2H, t, 3Jun = 7.3 Hz, SiCH>), 1.36 — 1.45 (2H, m, CH2CH,CH,), 2.71 (6H, t, 3Jun = 5.9
Hz, OCH2CH:N), 2.92 —3.07 (2H, m, CHaN(PPhs)2), 3.54 (6H, t, 3Jun = 5.9 Hz, OCH2CH:2N),
7.51 (8H, t, 3Jun = 7.2 Hz, phenyl), 7.62 (4H, t, 3Jun= 7.4 Hz, phenyl), 7.84 — 7.92 (8H, m,
phenyl); 31P{*H} NMR (162 MHz, CDCls) &: + 30; 13C{*H} NMR (101 MHz, CDCls) &: 12.92
(s, SiCH,), 25.63 (s, CH,CH2CH,), 50.83 (s, OCH2CH:N), 52.09 (t, 2Jpc = 4.4 Hz,
CH,N(PPh3)2), 57.35 (s, OCH,CH2N), 127.04 (d, YUpc = 12.3 Hz aryl-C), 129.25 (t, 3Jpc = 6.3
Hz, aryl-C), 133.04 (s, aryl-C), 133.75 (t, %Jpc = 6.7 Hz, aryl-C); Anal. Calcd for
Ca3H3sCl2N,03P,PdSi: C, 50.94; H, 4.92; N, 3.60. Found: C, 48.64; H, 4.56; N, 3.51 %.

Figure 6.3. Molecular structure of PdCly(L5). Hydrogen atoms and alky! chain disorder
omitted for clarity. Selected bond lengths / A: Pd-P 2.214(1), 2.217(1); P-N 1.691(4),
1.701(4); Selected bond angles / °: P-Rh-P 71.38(5); P-N-P 99.3(2).
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6.3.4 Synthesis of cobalt(ll) complexes
6.3.4.1 General procedure for synthesis of CoBr2(P"P) complexes

CoBr; (1 eq.,0.08 g, 0.4 mmol) and PAP (1 eq., 0.4 mmol,) were dissolved in THF (15 cm3)
and stirred overnight. The solvent was then removed in vacuo and the resulting solid
washed with Et,0 (3 x 5 cm3), then dried in vacuo to give the product as a green/brown

solid.

6.3.4.1.1 Synthesis of CoBr(L1)

Ph

Br\ Br /Br
M O / -~
e0)3 \_/— \/ N /N—/_\ (OMe), . _Co . /Co\Br
Ph, Ph,
2

Brown solid (0.15 g, 54%). Single crystals suitable for XRD were obtained from a solution
of [CoBr;(L1)] in PhCl layered with hexane; Umax /cm™ 3053 (C-H aromatic), 2964 (C-H),
2838 (Si-OMe), 1587 (C=C), 1435 (P-Ph), 869 (P-N); Anal. Calcd for C30H35Br,CoNO3P,Si:
C,47.02; H, 4.60; N, 1.83. Found: C, 47.41; H, 4.56; N, 1.95 %.

6.3.4.1.2 Synthesis of CoBr,(L2):

O\ /O

‘\Br
(Me0)si” "N ool

/
0) \O

or
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Green solid (0.15 g, 54%); Umax /cm™ 3058 (C-H aromatic), 2970 (C-H), 2840 (Si-OMe),
1605 (C=C), 1567 (C=C), 1044 (P-O), 900 (P-N); Anal. Calcd for CspH31Br,CoNO7P,Si: C,
43.60; H, 3.78; N, 1.70. Found: C, 42.60; H, 4.15; N, 1.92 %.

6.4 Chapter 4 experimental

6.4.1 Synthesis and stability testing of silica-immobilised (3-

aminopropyl)trimethoxysilane

6.4.1.1 Synthesis of silica-immobilised (3-aminopropyl)trimethoxysilane

(0]
Silica ~N
0— '—/_\NH

support \ 2
PP OH OMe

(3-Aminopropyl)trimethoxysilane (0.1 cm3, 0.75 mmol) and AEROPERL 300/30 silica
(0.25 g) were heated at reflux in toluene (10 cm3) for 2 hours. The resulting mixture was
filtered and allowed to cool to room temperature, and the solid washed with toluene
(3 x 5 cm3), before being dried in vacuo to give a white solid (0.33 g, 94 %); Umax /cm™
1076 (Si-0), 807 (Si-0O); 2°Si CP MAS NMR (79 MHz, versus Si(SiCH3z)s =—9.9 ppm): 51 (T%),
58 (T2), 65 (T3), 109 (Si-O4). Found: C, 3.02; H, 0.40; N, 0.83 %.

6.4.1.2 Silica-immobilised (3-aminopropyl)trimethoxysilane water stability test

Silica-immobilised (3-aminopropyl)trimethoxysilane (0.10 g) was stirred in water (5 cm3)

for 30 min, then filtered and dried in vacuo to give a white solid (0.10 g, 100 %); 2°Si CP
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MAS NMR (79 MHz, versus Si(SiCHs)s = =9.9 ppm): 51 (T%), 58 (T2), 65 (T3), 100 (HO-Si-
03), 109 (Si-O4).

6.4.1.3 Silica-immobilised (3-aminopropyl)trimethoxysilane water/methanol stability

test

Silica-immobilised (3-aminopropyl)trimethoxysilane (0.10 g) was stirred in a 50/50
mixture of water and methanol (5 cm?) for 30 min, then filtered and dried in vacuo to
give a white solid (0.10 g, 100 %); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)s = —9.9
ppm): 58 (T2), 65 (T3), 100 (HO-Si-03), 109 (Si-Oa).

6.4.2 Silica-immobilisation of phosphine compounds

6.4.2.1 Synthesis of silica-immobilised L1

- (0
Silica O> —/_\N/ Ph,

support \ |
OH OMe  pph,

L1 (0.13 g, 0.22 mmol) and AEROPERL 300/30 silica (0.28 g) were heated at reflux in
toluene (10 cm?3) for 2 hours or stirred at rt overnight. The resulting mixture was filtered,
after cooling to room temperature, and the solid washed with toluene (3 x 5 cm3),
before being dried in vacuo to give a white solid (0.40 g, 98%); Umax /cm™ 2978 (C-H),
1064 (Si-0), 804 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCH3)a = —9.9 ppm): 48 (T1),
56 (T2), 101 (Si-OH), 108 (Si-0a); 3P CP MAS NMR (162 MHz, versus 85 % H3POs = 0.0
ppm) 23.4 (0=PPh;), 59.0 (PPh3). Found: C, 5.55; H, 0.40; N, 0.33 %.

6.4.2.2 Investigation into phosphine-silica reactivity

AEROPERL 300/30 silica (0.1 g), and L14 (0.05 g, 0.08 mmol) were added to toluene (10
cm?) and refluxed for 12 h, after which an aliquot of the reaction mixture was analysed

by 3P NMR spectroscopy. MeOH (0.007 cm3, 0.16 mmol) was added to the bulk mixture,
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which was stirred at room temperature for 24 h. 3P NMR spectroscopic analysis of a

second aliquot of reaction mixture showed complete consumption of start material.

6.4.2.3 Synthesis of alumina-immobilised L1

support

. o)
Alumina O> \—/_\I}I/ Ph,
OH

OMe Ph,

L1 (0.06 g, 0.05 mmol) and alumina (0.26 g) were stirred in toluene (10 cm?3) for
overnight. The resulting mixture was filtered, and the solid washed with toluene
(3 x 5 cm?), before being dried in vacuo to give a white solid (0.21 g, 81%); 2°Si CP MAS
NMR (79 MHz, versus Si(SiCH3)a = =9.9 ppm): 47 (T'); Umax /cm™ 1239 (AI-OH), 500 (Al-
0); 3P CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) + 35.8 (PPh3), + 58.2 (PPh3);
Found: C, 6.11; H, 0.66; N, 0.24 %.

6.4.2.4 Synthesis of silica-immobilised L2

. 0 AN N th
Silica o\ '}'
support Ph,
OH

AEROPERL 300/30 silica calcined at 200 °C (0.25 g) and L2 (25 mg, 0.05 mmol) were
added to toluene (10 cm3) and stirred overnight. The suspension was then filtered and
washed with toluene (3 x 5 cm3), then dried in vacuo to give a white solid (0.11 g, 40 %);
Umax /cm™ 1069 (Si-0), 803 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)s =
-9.9 ppm) —6 (0Si(CH3)(OMe)CH,), =10 (0,-Si(CH3)CH,), =101 (Si-OH), =109 (Si-Oa); 3P
CP MAS NMR (162 MHz, versus 85 % H3POa4 = 0.0 ppm) +29 (P(O)Ph3), + 57 (PPh;); Found:
C,3.11;H,0.37; N, 0.18 %.
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6.4.2.5 Synthesis of silica-immobilised L3

OH
il | Ph
suS;)IL)Coart — I/\/\I}'/ ’
OH Ph,
AEROPERL 300/30 silica calcined at 200 °C (0.24 g) and L3 (22 mg, 0.05 mmol) were
added to toluene (10 cm3) and stirred at reflux for 3 h. Upon cooling to room
temperature the suspension was filtered and washed with toluene (3 x 5 cm3), then
dried in vacuo to give a white solid (0.16 g, 62 %); Umax /cm™* 1072 (Si-0), 806 (Si-0); 2°Si
CP MAS NMR (79 MHz, versus Si(SiCHs)4 = =9.9 ppm) +14 (0Si(CH3),CH,), —100 (Si-OH),
—109 (Si-04); 3P CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) +29 (P(0)Phs),
+56 (PPh3). Found: C, 1.29; H, 0.00; N, 0.00 %. CHN experimental error resulted in

reported small negative values of H and N %.

6.4.2.6 Synthesis of silica-immobilised L4

—OH 4>_\ , Ph,
- N
Silica | \
o- n— Ph,
support |
OH

AEROPERL 300/30 silica calcined at 200 °C (0.24 g) and L4 (20 mg, 0.05 mmol) were
added to toluene (10 cm3) and stirred at rt for 3 h. The suspension was then filtered and
washed with toluene (3 x 5 cm?3), then dried in vacuo to give a white solid (0.11 g, 42 %);
Umax /cm™1 1064 (Si-0), 801 (Si-0); 29Si CP MAS NMR (79 MHz, versus Si(SiCHz)s = —9.9
ppm) +12 (OSi(CH3)2CH2), =101 (Si-OH), —107 (Si-Oa); 3'P CP MAS NMR (162 MHz, versus
85 % H3PO4 = 0.0 ppm) +29 (P(0)Ph,), +57 (PPh,); Found: C, 9.91; H, 0.88; N, 0.67 %.

6.4.2.7 Attempted two-step synthesis of silica-immobilised L1

s (0
Silica O> —/_\N/ Ph,

support \
OH OMe Iph2
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(3-aminopropyl)trimethoxysilane (0.1 ¢m3, 0.22 mmol) and AEROPERL 300/30 silica
(0.40 g) were stirred overnight in toluene (10 cm?3). The resulting mixture was filtered,
and the solid washed with toluene (3 x 5 cm?3). Toluene (10 cm?) and Nets (0.1 cm?3,
0.7 mmol) and Ph,PCl (0.1 cm3, 0.7 mmol) were then added and the resultant mixture
stirred overnight. Following this the solid was filtered and washed with toluene
(3 x 5 cm3) and chloroform (3 x 5 cm3) and dried in vacuo to give an off-white solid
(0.32 g, 80 %); Umax /cm™ 1067 (Si-O), 808 (Si-O); 2°Si CP MAS NMR (79 MHz, versus
Si(SiCH3)a = —9.9 ppm): =50 (O-Si(OCH3)2CH2), =58 (02-Si(OCH3)CH,), =101 (Si-OH), =109
(Si-O4); 3P CP MAS NMR (162 MHz, versus 85 % HsPO4 = 0.0 ppm) +23 (P(O)Ph,), +40
(HNPPh,) +57 (N(PPh.)2); Found: C, 14.25; H, 1.24; N, 0.99 %.

6.4.2.8 Attempted synthesis of silica-immobilised L9

silica
support

OH OMe O
/ o
o— —/_\N— -

~
/

O/ _ o
(0|

(X

L9 (0.10 g, 0.17 mmol) and AEROPERL 300/30 silica (0.25 g) were heated at reflux in
toluene (10 cm3) for 12 h. The resulting mixture was filtered, after cooling to room
temperature, and the solid washed with toluene (3 x 5 cm3), before being dried in vacuo
to give a white solid (0.11 g, 27 %); Umax /cm™ 1067 (Si-0), 811 (Si-0); 2°Si CP MAS NMR
(79 MHz, versus Si(SiCHs)a = —9.9 ppm): =59 (T2), =66 (T3), =102 (Si-OH), =110 (Si-0a); 3P
CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) —8.4, 4.7; Found: C, 11.94; H,
1.50; N, 0.32 %.
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6.4.2.9 Attempted synthesis of silica-immobilised L21

- (o)
Silica O> (_\__
OH

support
PP OEt

L21 (0.10 g, 0.14 mmol) and AEROPERL 300/30 silica (0.25 g) were heated at reflux in
toluene (10 cm?) for 12 h. The resulting mixture was filtered, after cooling to room
temperature, and the solid washed with toluene (3 x 5 cm3), before being dried in vacuo
to give a white solid (0.11 g, 27 %); Umax /cm™ 1063 (Si-0), 803 (Si-0); 2°Si CP MAS NMR
(79 MHz, versus Si(SiCH3)a = =9.9 ppm): =59 (T2), =67 (T3), —104 (Si-OH), =109 (Si-0a); 3'P
CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) —8.1, 2.6; Found: C, 7.31; H, 0.88;
N, 0.52 %.

6.4.2.10 Synthesis of L24

9
38

()

o}
/
—0
\\O
(o)

2,2-Biphenol (0.5 g, 3 mmol) was azeotropically dried with toluene (3 x 5 cm3), then
dissolved in toluene (30 cm3). After addition of NEt3 (0.8 cm?3, 8 mmol), the solution was

cooled to 0 °C and a solution of 2,2-biphenolphospochloridite (1.4 g, 6 mmol) in toluene
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(10 cm3) added dropwise. The reaction mixture was then refluxed for 2 h. Upon Cooling
to room temperature, the mixture was filtered and the filtrate dried in vacuo. The crude
product was then recrystallized from DCM/hexane, filtered and dried in vacuo to give
the target compound as a white solid (1.04 g, 60%); Umax /cm™23067 (aromatic C-H), 3026
(aromatic (C-H), 1601 (C=C), 1568 (C=C), 1041 (P-0); *H NMR (400 MHz, CDCls) 6: 6.85 —
6.93 (4H, m, aryl), 7.18 = 7.27 (10H, m, aryl), 7.30 — 7.44 (10H, m, aryl); 31P{*H} NMR (162
MHz, CDCl3) 6: +144; 3C{*H} NMR (101 MHz, CDCls) &: 120.70 (t, 2Jec = 5.3 Hz, aryl-C),
122.16 (s, aryl-C), 127.14 (s, aryl-C), 125.13 (s, aryl-C), 129.03 (s, aryl-C), 129.06 (s, aryl-
C), 129.72 (s, aryl-C), 130.26 (s, aryl-C), 131.11 (s, aryl-C), 132.34 (s, aryl-C), 149.08 (t,
3Jpc = 2.4 Hz, aryl-C), 149.68 ( 3Jpc = 4.4 Hz, aryl-C); Anal. Calcd for C3gH2406P>: C, 70.36;
H, 3.94. Found: C, 70.18; H, 3.93 %. NMR spectroscopic analysis and CHN elemental

analysis are in good agreement with reported literature values.'*

6.4.2.11 Investigation into phosphite-silica reactivity

AEROPERL 300/30 silica (0.1 g), and L19 (0.05 g, 0.09 mmol) were added to toluene (10
cm?) and heated at reflux for 12 h, after which an aliquot of the reaction mixture was
analysed by 3P NMR spectroscopy. MeOH (0.009 cm?3, 0.18 mmol) was added to the
bulk mixture, which was stirred at room temperature for 24 h. 31P NMR spectroscopic

analysis of a second aliquot of reaction mixture showed no observable change.

6.4.2.12 Synthesis of (3-chloropropyl)silatrane

Triethanolamine (3.6 cm3, 27.4 mmol) and KOH (0.05 g, 1.0 mmol) were dissolved in
MeOH (25 cm?) and stirred at reflux for 1 h. (3-chloropropyl)trimethoxysilane (5.0 cm3,
27.4 mmol) was added to the solution and reflux continued for 1 h further. The solution
was allowed to cool to room temperature and pentane (15 cm3) added. Upon cooling to

—78 °C a white precipitate was produced, which was isolated by filtration, and dried in
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vacuo to give the target compound (4.08 g, 59%); Umax /cm~3061 (C-H aromatic), 2943
(C-H), 2840 (C-H), 1602 (C=C), 1567 (C=C), 1184 (C-H); *H NMR (400 MHz, CDCls) &: 0.45
—0.52 (2H, m, SiCH,), 1.84 — 1.94 (2H, m, CH2CH,CH,), 2.83 (6H, t, 3Jun = 5.8 Hz, NCH,),
3.52 (2H, t, 3Jun = 7.5 Hz, CHJCl), 3.78 (6H, t, 3Jun = 5.8 Hz, CH,0); 3C{*H} NMR (101 MHz,
CDCl3) 6: 14.07 (s, SiCH2), 29.12 (s, CH2CH2CH2), 48.53 (s, CHCl), 51.06 (s, NCHz), 57.65
(s, OCH2); Anal. Calcd for CoH1sCINSi: C, 42.93; H, 7.21; N, 5.56. Found: C, 42.95; H, 6.80;
N, 5.32 %. NMR spectroscopic analysis and CHN elemental analysis are in good

agreement with reported literature values.>

6.4.2.13 Synthesis of silica-immobilised (3-chloropropyl)silatrane

o o 1 1

support

(3-Chloropropyl)silatrane (0.10 g, 0.4 mmol) and AEROPERL 300/30 silica (0.25 g) were
heated at reflux in toluene (10 cm?3) for 4 h. Upon cooling to room temperature, TFA
(0.05 cm3, 0.7 mmol was added the mixture heated at reflux for a further 4 h. Upon
cooling to room temperature and the solid was filtered and washed with toluene
(3 x 5 cm3), then dried in vacuo to give a white solid (0.26 g, 74%); 2°Si CP MAS NMR (79
MHz, versus Si(SiCHs)s = —9.9 ppm): =58 (T2), =68 (T3), =102 (Si-OH), =110 (Si-O4).

6.4.3 Investigating phosphine protection as BHs; adducts

6.4.3.1 Synthesis of L5(BH:): attempted synthesis of L5(BHs):

FARN Hy
L5 (0.35 g, 0.6 mmol) and BH3.THF (1M in THF, 1.3 cm?3, 1.2 mmol) were dissolved in DCM

(10 cm?3) and stirred overnight. The reaction mixture was then layered with hexane
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(15 cm?) resulting in crystals suitable for XRD analysis. The crystals were filtered and
dried in vacuo to give a white solid (0.09 g, 23%); Umax /cm™2 3059 (aromatic C-H), 2961
(C-H), 2866 (C-H), 2378 br (B-H), 1588 (C=C), 891 (P-N); H NMR (400 MHz, CDCls) &:
—0.05 (2H, t, 3Jun = 7.2 Hz, SiCHa), 1.02 — 1.12 (2H, m, CH,CH2CH,), 2.66 (6H, t, 3Jun = 5.8
Hz, OCH,CH:2N), 3.45 — 3.57 (2H, m, CH2N(PPhy),), 3.60 (6H, t, 3Jun = 5.8 Hz, OCH2CH2N),
7.27 — 7.46 (15H, m, phenyl), 7.55 — 7.62 (1H, m, phenyl), 7.66 — 7.82 (3H, m, phenyl),
7.85 — 7.91 (1H, m, phenyl), signals for BHs were unresolved; 3'P{*H} NMR (162 MHz,
CDCl3) &: +55 (d, 2Jpp = 44.7 Hz, NPPh2), +75 (s, br, NPPha(BH3)); 1B{*H} NMR (128 MHz,
CDCl3) =36 (s, br); 3C{*H} NMR (101 MHz, CDCls) 8: 12.19 (s, SiCH,), 26.11 (s, CH2CH2CH,),
51.07 (s, OCH2CH;N), 52.28 (s, CHaN(PPh3)2), 57.65 (s, OCH,CH,N), 128.02 (d, 2Jpc = 6.8
Hz, aryl-C), 128.10 (d, %Jpc = 3.8 Hz, aryl-C), 128.95 (s, aryl-C), 130.90 (d, 3Jpc = 2.2 Hz, aryl-
C), 132.81 (s, aryl-C), 132.95 (dd, YJpc = 10.4 Hz, 3Jpc = 2.9 Hz, aryl-C), 133.02 (s, aryl-C),
137.49 (dd, Yec = 17.1 Hz, 3Jpc = 3.1 Hz, aryl-C).

6.4.3.2 Second attempted synthesis of L5(BH3)2
//\0 Ph,
/ |
o Ph
PARN Hy
L5(BHs) (0.03 g, 0.2 mmol) and BH3.THF (1M in THF, 1.3 cm?3, 1.2 mmol) were dissolved
in DCM and stirred at room temperature for 2 h. The reaction mixture was then layered
with hexane (15 cm?3) resulting in crystals suitable for XRD analysis corresponding to a
disordered mixture of L5(BHs), L5(BHs)(O) and L5(BHs); in a 0.5:0.3:0.2 ratio, and the

reaction was abandoned.

6.4.3.3 Synthesis of L5(BH3)(Se)

2°N H3

Elemental grey Se powder (25 mg, 0.0.31 mmol) was added to solution of a L5(BH3) (0.02

g, 0.07 mmol) in CD2Cl; (0.7 cm?3) in a Youngs NMR tube to give a pale-yellow solution,
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followed by sonication until complete conversion to the selenide derivative was
observed. The product was not isolated as only the |Ysep| coupling constant is of
interest; 3'P{*H} NMR (162 MHz, CD,Cly) &: +67 (d with satellites, 2pp = 13 Hz, HUsep =
779 Hz, P=Se), +73 (s, br, P-BH3z).

6.4.3.4 Attempted synthesis of L5(BF3)2

\\/0/ Ph, I\
3

L17 (0.1 g, 0.6 mmol) and BF3.0Et; (0.04 cm?3, 0.4 mmol) were dissolved in DCM (10 cm?3)
and stirred overnight. 3'P and '°F NMR spectroscopic analysis of an aliquot of reaction
mixture showed complete decomposition of the start materials and the reaction was

abandoned.

6.4.3.5 Synthesis of L17(BH3):

L17 (0.15 g, 0.2 mmol) and BH3.THF (1M in THF, 0.6 cm3, 0.5 mmol) were dissolved in DCM (10
cm?3) and stirred overnight. The reaction mixture was then layered with hexane (15 cm?3)
resulting in a colourless oil. The oil was filtered and dried in vacuo to give a white solid
(0.09 g, 61%); *H NMR (400 MHz, CDCl3) 6: =0.08 — 0.01 (2H, m, SiCH,), 1.22 — 1.32 (2H,
m, CH,CH>CH,), 2.59 (2H, t, 3Jun = 7.8 Hz, CH,CH,CH;N), 2.78 (6H, t, 3Jun = 5.8 Hz,
OCH2CH>N), 3.72 (6H, t, 3Jun = 5.8 Hz, OCH,CH:2N), 3.87 (4H, d, 2Jp1 = 1.6 Hz, NCH2P), 7.35
—7.41 (8H, m, phenyl), 7.42 — 7.48 (4H, m, phenyl), 7.64 — 7.70 (8H, m, phenyl), signals
for BHs were unresolved; 3'P{*H} NMR (162 MHz, CDCls) &: +10; B{*H} NMR (128 MHz,
CDCl3) —38 (s, br); 33C{*H} NMR (101 MHz, CDCl3) 6: 12.55 (s, SiCH,), 21.30 (s, CH2CH,CH>),
52.00 (s, OCH2CH2N), 53.80 (dd, YJpc = 39.6 Hz, 3Jpc = 3.6 Hz, NCH1P), 57.76 (s, OCH2CH:3N),
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60.14 (t, 3Jpc = 4.0 Hz, CH,CH,CH2N), 128.60 (d, 2Jpc = 9.6 Hz, aryl-C), 129.20 (s, aryl-C),
130.96 (d, 3Jpc = 2.3 Hz, aryl-C), 132.79 (d, YJpc = 8.5 Hz aryl-C).

6.4.4 Synthesis of silica-immobilised rhodium hydroformylation catalysts

6.4.4.1 Synthesis of silica-immobilised [Rh(L5S2)(COD)]BF4

OH o N
Silica ’,Oj

support —s :
OH \_\; / '," +;¢ _
N Rh

A Schlenk was charged with AEROPERL 300/30 silica calcined at 200 °C (1.0 g), L5S, (0.10
g, 0.1 mmol), toluene (10 cm3) and THF (5 cm?3) and stirred at 70 °C for 4 h. After cooling
to rt the insoluble silica remained colourless suggesting no reaction had taken place. All
volatile components were removed in vacuo and PhCl (10 cm3) and DCM (5 cm?) added,
and the mixture heated to 70 °C for 4 h, after which time the silica had turned yellow.
Upon cooling to rt, the mixture was filtered and the resulting solid washed with PhCl
(2 x5 cm3) and DCM (2 x 5 cm3), then dried in vacuo to give a yellow solid (0.94 g, 85%);
Umax /cm™ 1069 (Si-0), 803 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCH3)s = —9.9
ppm): =101 (Si-OH), =108 (Si-04); 3P CP MAS NMR (162 MHz, versus 85 % H3PO; = 0.0
ppm) +59 (RhSPPh;), +70 (SPPh;); Found: C, 3.98; H, 0.61; N, 0.20 %.

6.4.4.2 Synthesis of silica-immobilised [Rh(L19)(COD)]BFa

OH

Val
Silica X

support \_\_/_ 3 i
AN \

Cy,
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A Schlenk was charged with AEROPERL 300/30 silica calcined at 200 °C (1.2 g), L19 (0.11
g, 0.11 mmol), toluene (10 cm?) and stirred at 70 °C for 4 h. After cooling to rt and
subsequent filtration, the remaining solid was washed with toluene (3 x 5 cm3) and THF
(3 x 5 cm?) and dried in vacuo to give a yellow solid (1.1 g, 84 %); Umax /cm™ 1072 (Si-0),
812 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCH3)a = —9.9 ppm): —101 (Si-OH), —109
(Si-04); 3P CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) +8 (RhPCys), +56
(P(O)Cy2); Found: C, 2.45; H, 0.52; N, 0.06 %.

6.4.4.3 Synthesis of silica-immobilised [Rh(L5).]BF4

P

OH o N
Silica ’,OX

0]
support \_\_ Ph, Ph, HO
OH T, + N /\/\ Silica
- —0
N Rh\ N o~ support

|
Ph, Ph, < YO HO

_ N
4
(o

A Schlenk was charged with AEROPERL 300/30 silica calcined at 200 °C (0.72 g),
[Rh(L5);]BF4 (0.06 g, 0.04 mmol) and THF (20 cm?) and stirred at reflux for 4 h. After
cooling to rt and subsequent filtration, the remaining solid was washed with THF
(3 x5 cm3) and dried in vacuo to give a yellow solid (0.52 g, 65%); Umax /cm™2978 (C-H),
1078 (Si-0), 808 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)s = —9.9 ppm): =100
(Si-OH), =109 (Si-04); 3P CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0 ppm) +40
(unknown side product), +65 (RhPPh;); Found: C, 3.23; H, 0.49; N, 0.17 %.
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6.4.4.4 Synthesis of silica-immobilised [Rh(L17)2]BF4

OH (o N
Silica / Oj

support Ph, Ph, /\
OH \_\_ tn PN (o)
N/\ ~Rh-_ \/N/\/\ 4 N

A Schlenk was charged with AEROPERL 300/30 silica calcined at 200 °C (1.0 g), L5S, (0.10
g, 0.1 mmol), toluene (10 cm?) and THF (5 cm?3) and stirred at 70 °C for 4 h. Upon cooling
to rt, the mixture was filtered and the resulting solid washed with toluene (2 x 5 cm?)
and THF (2 x 5 cm3), then dried in vacuo to give a yellow solid (1.08 g, 99%); Umax /cm™
1068 (Si-0), 811 (Si-0O); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHsz)a = —9.9 ppm): =102
(Si-OH), =108 (Si-O4); 3P CP MAS NMR (162 MHz, versus 85 % HsPO4 = 0.0 ppm) +7
(RhPPhy); Found: C, 3.38; H, 0.48; N, 0.19 %.

6.4.5 Investigating the reactivity of chlorophosphines with silica and alumina

6.4.5.1 Synthesis of silica-PPh;

- OH
silica
support 0—FPh,
OH

AEROPERL 300/30 silica calcined at 200 or 600 °C (0.25 g) and NEt3 (0.5 cm?, 3.4 mmol)
were added to toluene (10 cm?), and the mixture cooled to =78 °C. Ph,PCl (0.1 cm3, 0.5
mmol) was then added and the resulting mixture allowed to warm to room temperature
and stirred overnight. The suspension was then filtered and washed with chloroform (3
x 5 cm?), then dried in vacuo to give a white solid (0.19 g, 55%); Umax /cm™ 2964 (C-H),
1061 (Si-0), 787 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)s = —9.9 ppm) —101
(POSiO3 + HOSi03), =109 (Si-04); 3P CP MAS NMR (162 MHz, versus 85 % H3PO4 = 0.0
ppm) +28 (OP(0)Ph,), +106 (OPPh,); 13C CP MAS NMR (101 MHz, versus Si(CHs)s = 0.0
ppm): 128.5 (aryl C), 131.6 (aryl C).
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6.4.5.2 Synthesis of alumina-PPh;

Alumina

support —PPh,

A Schlenk was charged with Alumina calcined at 200 °C (0.49 g, 0.5 mmol of Si-OH), NEt3
(1.0 cm3, 6.8 mmol) and toluene (20 cm?3) and cooled to =78 °C. Ph,PCl (0.2 cm3, 1.0
mmol) was added dropwise and the mixture allowed to warm up to room temperature
and stirred overnight. After subsequent filtration, the remaining solid was washed with
CHCIs (3 x 5 cm3) and dried in vacuo to give a white solid (0.32 g, 50%); Umax /cm™ 1252
(AI-OH), 500 (Al-0); 3P CP MAS NMR (162 MHz, versus 85 % HsPO4 = 0.0 ppm) +30
(OP(0)Phs), +98 (OPPh,); 13C CP MAS NMR (101 MHz, versus Si(CHs)s = 0.0 ppm): 127.8
(aryl C), 130.0 (aryl C).

6.4.5.3 Attempted synthesis of silica-P'Bu;

OH

silica ¢
O0—P'Bu,

support

A Schlenk was charged with AEROPERL 300/30 silica calcined at 200 °C (0.25 g, 0.5 mmol
of Si-OH), NEt3 (5.0 cm?3, 6.8 mmol) and toluene (15 cm3) and cooled to —78 °C. ‘BuPCl
(0.1 cm3, 0.5 mmol) was added dropwise and the mixture allowed to warm up to room
temperature and stirred overnight. After subsequent filtration, the remaining solid was
washed with CHCls (3 x 5 cm?) and dried in vacuo to give a white solid (0.23 g, 77%); Umax
/cm™ 1075 (Si-0), 807 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)a = —9.9 ppm):
—101 (Si-OH + Si-O-PPh3), =109 (Si-0a4); 3P CP MAS NMR (162 MHz, versus 85 % H3POs =
0.0 ppm) +39 (OP(O)'Buy).
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6.4.5.4 Synthesis of silica-immobilised PPh2Rh(acac)(CO)

7
silica PhZ Rh‘o
support

AEROPERL 300/30 silica calcined at 200 °C (1.0 g) and NEt; (1.0 cm?3, 6.8 mmol) were
added to toluene (10 cm3), and the mixture cooled to =78 °C. Ph,PCl (0.5 cm?3, 2.5 mmol)
was then added and the resulting mixture allowed to warm to room temperature and
stirred overnight. The suspension was then filtered and washed with chloroform
(3 x 5 cm3), then dried in vacuo. Toluene (10 cm?) and Rh(acac)(CO)z (0.1 g, 0.4 mmol)
were then added and the mixture stirred for 2 h. After filtration, the solid was washed
with toluene (3 x 5 cm?) and dried in vacuo to give a yellow solid (0.8 g, 64%); Umax /cm™
12964 (C-H), 1066 (Si-0), 804 (Si-0); 2°Si CP MAS NMR (79 MHz, versus Si(SiCHs)s = —9.9
ppm) —101 (POSiOs + HOSiO3), =109 (Si-0a); 3P CP MAS NMR (162 MHz, versus 85 %
HsPO4 = 0.0 ppm) +22 (OP(0)Phs), +82 (RhPPh,), +106 (OPPh,); Found: C, 8.26; H, 0.95
%.

6.4.6 Synthesis of a Fibrecat™-supported rhodium hydroformylation catalyst

6.4.6.1 Synthesis of Fibrecat™-supported Rh(acac)(PPhs3)(CO)

Ph,
I:,,_Rh_“\O— N
>
oc”  No=<

A Schlenk was charged with Fibrecat™ (2.0 g), toluene (20 cm?) and Rh(acac)(C0O) (0.26

poly
ethene

g, 1.0 mmol) and stirred for 3 h. After filtration, the solid was washed with toluene (3 x
5 c¢cm?) and dried in vacuo to give an orange solid (0.8 g, 64%); Umax /cm™ 3027 (C-H
aromatic), 2920 (C-H), 1579 (C=C), 1435 (P-Ph); 3P CP MAS NMR (162 MHz, versus 85 %
H3PO4 = 0.0 ppm) —6 (PPhs), +30 (Rh(acac)(PPhs)z2), +42 (Rh(acac)(PPhs)(CO)); Found: C,
80.01; H, 8.06 %. NMR spectroscopic analysis and CHN elemental analysis showed good

agreement with reported literature values.®
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6.5 Chapter 5 experimental

6.5.1 Hydroformylation reactor setup

co
/ Sample %
H, collection 6
Autoclave
Valves: 5 = autoclave gas inlet

1 = CO/H; cylinder pressure regulator 6 = autoclave sampling valve

2 = CO/H; pressure regulatorinlab 7 = septum inlet

3 = post-MFC one-way valve 8 = autoclave gas outlet
4 = gas inlet isolation 9 = L-three way valve: autoclave vent
/ Schlenk line

Figure 6.4. Hydroformylation reactor schematic, autoclave housed and operated in a
fume hood.

6.5.2 Homogeneous hydroformylation catalysis

Catalyst testing is performed in a commercial 316 stainless steel Parr 4566 autoclave
with 200 mL maximum specified working volume (300 mL total volume), with Teflon
liner, integral pressure gauge and certified Fike Rupture disc (138.00 barg {ambient}).

The autoclave is assembled then evacuated and backfilled with argon via a connected
Schlenk line. A solution of toluene, 1-octene (5 cm3, 32 mmol), nonane (1000 L, internal
standrd) and catalyst (0.5 mmol) is added and the autoclave then purged with reactant
gases (1:1 H, and CO) (1 x 10 barg, 5 x barg). Finally, the vessel is pressurised to 20 barg,
and heated to 90 °C, maintained via a thermocouple, pressure transducer, and mass
flow controller. The rection is maintained for 1 h (minimum) with samples collected at

15 min intervals, filtered through a silica plug and analysed by gas chromatography.
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6.5.3 Heterogeneous hydroformylation catalysis

Catalyst testing is performed in a commercial 316 stainless steel Parr 4566 autoclave
with 200 mL maximum specified working volume (300 mL total volume), with Teflon
liner, integral pressure gauge and certified Fike Rupture disc (138.00 barg {ambient}).

The autoclave is assembled and purged with argon for 0.5 h. Solid catalyst (0.5 mmol) is
then quickly added under air and the autoclave reassembled and evacuated for 0.5 h. A
solution of toluene, 1-octene (5 cm3, 32 mmol), nonane (1000 pL, internal standrd) is
added and the autoclave then purged with reactant gases (1:1 H, and CO) (1 x 10 barg,
5 x barg). Finally, the vessel is pressurised to 20 barg, and heated to 90 °C, maintained
via a thermocouple, pressure transducer, and mass flow controller. The rection is
maintained for 1 h (minimum) with samples collected at 15 min intervals, filtered
through a silica plug and analysed by gas chromatography. Leaching samples were

collected after cooling to room temperature following a 1 h reaction.

6.5.4 Autoclave cleaning

In between hydroformylation reactions the Teflon liner was removed from the autoclave
and washed in an acid and base bath, rinsed with water and acetone and dried in air.
The autoclave was cleaned with acetone, including flushing the internal dip tube.
Periodically, blank experiments were performed where no catalyst was added to a
hydroformylation reaction to verify that no contamination of the autoclave/Tefon liner

had occurred, which would result in hydroformylation activity.
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Appendix A: Synthesis of multidentate tetherable phosphine
ligands

One aspect of immobilised ligand design that requires further exploration is the length
of the alkyl spacer between the point of immobilisation and ligand donor site. Previous
studies have shown an increase in hydroformylation catalytic activity with increased
tether length.! This enhanced performance has been attributed to greater freedom of
movement of the ligand backbone.! However, to the best of the author’s knowledge, no
investigation into the tether chain length between the solid support and donor atoms
of bidentate ligands has been performed. This is likely due to the difficult synthesis

required and the lack of commercially available ligand scaffolds suitable for this work.

In order to vary the alkyl spacer length between the alkoxysilane immobilisation group
and PNP phosphine ligand donor moiety, compounds L27 and L28 were designed that
could be synthesised in one step from commercially available amines (Schemes Al and
A2). These compounds were isolated as sticky solids, which were then analysed by 3P,

'H and 3C NMR spectroscopies.

H
(MeO), \/\/N\/\NH +3 Ph,
2

3 NEt,
THF

|
(MeO), \/\/N\/\N/ Ph, +3 NEt;H
|
127 Ph,

Scheme A1. Synthesis of L27.
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H
(MeO), \/\/N\/\N/\/NH2 +4 Ph,

H
4 NEt,
THF
(Me0)35is N~y N ph, *+4NEGH
|

L28

Scheme A2. Synthesis of L28.

To determine whether all the phosphines donor sites of L27 and L28 were accessible and
reactive, L27 and L28 were reacted with an excess of elemental selenium to produce
their corresponding phosphorus selenides (Figure Al). The reactions were performed in
Young’s NMR tubes and the compounds were not isolated. From the |YJsep| coupling
constants measured from their 3P NMR spectra, the basicity of the phosphines was
estimated, giving an indication of phosphine donor strength (Table Al). The results
showed that all the phosphorus atoms were accessible to reaction with elemental
selenium and gave similar | Ysep | coupling constants ranging from 751 — 789 Hz, showing

good agreement with previously reported (diphenylphosphino)amines.?3

P1 P1 P3
p2 Se Se

Se 1 1]
il Ph, p2 Ph,
s 1 MeO N N

h ph Ph,

Ph 2
2"Sse Se

Figure A1. Structures of L275e3 and L28Se4.
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Table A1. 3P NMR chemical shifts and [1Jsep| coupling constants of L27Ses and L28Seq4
measured in CD;Cl;at 162 MHz.

Compound P atom | Ysep| / Hz Sp /ppm
L27Se3 P! 760 +67
P2 789 +69
L28Ses (in CDCls) pt 751 +65
P2 756 +69
p3 783 +69

Synthesis of L27

(3-(2-Aminoethyl)-3-aminopropyl)trimethoxysilane (2.0 cm3, 9 mmol) and NEt3 (4.0 cm?,
28 mmol) were dissolved in THF (50 cm3). The reaction mixture was cooled to -78 °C and
Ph,PCl (5.0 cm3, 27 mmol) added dropwise. After warming up to room temperature the
solution was stirred overnight, the solution was filtered and the filtrate dried in vacuo
to give a pale yellow gummy solid (5.3 g, 76 %); *H NMR (400 MHz, CD,Cl,) 6: 0.18 —0.28
(2H, m, SiCH,), 1.01 — 1.14 (2H, m, CHyCH,CH3), 2.56 (2H, q, 3Jnn + v = 8.4 Hz,
CH2CH,CH:N), 2.65 — 2.75 (2H, m, CH.N(PPhy)), 3.21 (2H, p, 3Jun + wp = 9.1 Hg,
CH;N(PPh3)2), 3.42 (9H, s, OCH3), 7.20 — 7.26 (5H, m, phenyl), 7.27 — 7.36 (25 H, m,
phenyl); 3'P{*H} NMR (162 MHz, CD,Cly) &: + 60 (1P, s, NPPh;), + 62 (2P, s, N(PPh2)>);
13C{IH} NMR (101 MHz, CD2Cly) &: 5.57 (s, SiCHa), 22.18 (s, CH2CH2CH,), 45.76 (s,
CH2CH2CH:N), 50.44 (s, OCH3), 53.77 (s, CHaN(PPh3)), 53.87 (s, CH2aN(PPh2)z), 127.55 (s,
aryl-C), 127.61 (s, aryl-C), 127.77 (s, aryl-C), 128.25 (s, aryl-C), 131.40 (d, 2Jpc = 19.4 Hz,
aryl-C), 132.06 (d, 2pc = 22.2 Hz, aryl-C), 138.55 (d, pc = 12.6 Hz, aryl-C), 139.22 (d, Upc
= 14.2 Hz, aryl-C).

Synthesis of L28

Trimethoxysilylpropyldiethylenetriamine (2.1 cm3, 8 mmol) and NEt3 (4.7 cm3, 32 mmol)
were dissolved in THF (50 cm?3). The reaction mixture was cooled to =78 °C and PhPCl

(6.0 cm?3, 32 mmol) added dropwise. After warming up to room temperature the solution
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was stirred overnight, the solution was filtered and the filtrate dried in vacuo to give
sticky oil. The product was dissolved in DCM (5 cm?3) and dried in vacuo to give a pale
yellow solid (3.4 g, 42 %); *H NMR (400 MHz, CDCls) &6: 0.23 —0.34 (2H, m, SiCH,), 1.17 —
1.28 (2H, m, CH,CH2CH,), 2.55 —2.88 (8H, m, CH2N(PPh;)), 3.28 (2H, p, 3Jun+np = 10.2 Hz,
CH;N(PPh3)2), 3.45 (9H, s, OCH3s), 7.12 — 7.19 (4H, m, phenyl), 7.22 — 7.35 (36 H, m,
phenyl); 3'P{*H} NMR (162 MHz, CDCl3) 6: + 61 (1P, s, NPPh;), + 61 (1P, s, NPPh3), + 62
(2P, s, N(PPh,)2); 3C{*H} NMR (101 MHz, CDCls) &: 6.23 (s, SiCH,), 22.57 (s, CH2CH,CH>),
47.92 (s, CH2CH2CH2N), 49.93 (s, OCHs), 50.97 (s, CH2N(PPhy)), 52.18 (s, CH2N(PPh2)2),
52.58 (s, CH2N(PPh,)2), 54.64 (d, 2Jpc = 12.5 Hz, CH2N(PPh;),), 128.04 (s, aryl-C), 128.06
(s, aryl-C), 128.09 (s, aryl-C), 128.10 (s, aryl-C), 128.25 (d, 3Jpc= 3.7 Hz, aryl-C), 128.72 (s,
aryl-C), 131.97 (d, 2Jpc = 19.7 Hz, aryl-C), 132.03 (d, 2Jpc = 19.9 Hz, aryl-C), 132.70 (d, 2Jpc
= 22.0 Hz, aryl-C), 139.41 (d, YJpc = 13.4 Hz, aryl-C), 139.48 (d, YJpc = 15.2 Hz, aryl-C),
140.20 (d, Ypc = 14.6 Hz, aryl-C).
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Appendix B: Crystallographic data

Complex L5 Ph2(0O)POP(O)Ph; L9
Local identifier code 22srv103 22srv093 21srv129
Empirical formula C33.5H39CIN203P,Si C24H2003P> C30H31NO7P3Si
Formula weight 643.14 418.34 607.59
Temperature / K 120.00 120.00 120
Crystal system monoclinic monoclinic monoclinic
Space group P2:1/c P21/c P21/c
a/A 10.2673(3) 7.9347(2) 11.1068(5)
b/A 16.9015(5) 15.0927(3) 17.2769(7)
c/A 18.4353(5) 17.0697(4) 15.1206(6)
a/° 90 90 90
B/° 96.9874(11) 99.3217(9) 90.9948(17)
v/° 90 90 90
Volume / A3 3175.37(16) 2017.20(8) 2901.51
VA 4 4 4
pcalcg /g cm3 1.345 1.377 1.391
pn/ mmt 0.297 0.239 0.240
F(000) 1356.0 872.0 1272
Crystal size / mm?3 0.21x0.16x0.05 | 0.16 x0.09x0.01 0.09 x0.0112 x
0.478
Radiation Mo Ka (A = Mo Ka (A = MoKa (A =
0.71073) 0.71073) 0.71073)

20 range for data
collection/°

3.996 to 59.994

5.202 to 59.998

4.36 to 67.454

Index ranges

-14<h<14,-23<

-11<h<11,-21¢<

-17<h<17,-26

k<23,-25<1<25 | k<21,-23<1<24 <k<26,
-23<1<23
Reflections collected 75603 47981 69693
Independent 9246 [Rint = 5851 [Rint = 11568 [Rint =
reflections 0.0445, Rsigma = 0.0523, Rsigma= | 0.0562, Rsigma =
0.0260] 0.0306] 0.0424]
Data / restraints / 9246/0/392 5851/0/342 11568 /73 / 496
parameters
Goodness-of-fit on F? 1.055 1.047 1.028
Final R indexes [I>=20 | R1=0.0475, wR>= | R1 =0.0447, wR,= | R1=0.0436, wR;
(01 0.1059 0.1074 =0.1012
Final R indexes [all R1=0.0558, wRz = | R1=0.0539, wRz = | R1=0.0605, wR;
data] 0.1102 0.1122 =0.1087
Largest diff. peak/hole 0.82/-0.97 0.64/-0.38 0.47 /-0.59
/eA3
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Complex L11 L17 [Rh(L5)2]CI
Local identifier code 23srv047 mo_23srv212 P1 mo_22srv278
Empirical formula CasHaaN,0PsSi CasHaaN203PsSi C75H99Nsp-

10PsRhSi>
Formula weight 660.65 628.73 1556.54
Temperature / K 120.00 120.00(10) 120.00(10)
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c P2; P21/n
a/A 18.6233(13) 17.91489(19) 10.0412(4)
b/A 10.6954(7) 36.3101(3) 21.6100(6)
c/A 15.4973(10) 20.43051(19) 34.3663(10)
a/° 90 90 90
B/° 95.862(2) 90.0197(9) 97.057(3)
v/° 90 90 90
Volume / A3 3070.7(4) 13289.9(2) 7400.7(4)
VA 4 16 4
pcalcg /g cm3 1.429 1.257 1.397
u/ mmt 0.234 0.204 0.433
F(000) 1384.0 5344.0 3272.0
Crystal size / mm?3 0.191 x0.171 x 0.496 x 0.338 x 0.193 x 0.04 x
0.046 0.182 0.023
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)

20 range for data
collection/°

4.398 t0 67.344

3.194to0 67.328

3.042 to 50.052

Index ranges

-28<h<28,0<k

-27<h<25,-56 <

-11<h<11,-25<

<£16,0<1<24 k<55,-30<1<31 | k<25,-40<1<40
Reflections collected 11116 284574 120083
Independent 11116 [Rint = 91242 [Rint = 13053 [Rint =
reflections 0.1424, Rsigma = 0.0621, Rsigma = 0.1457, Rsigma =
0.0876] 0.0824] 0.0838]
Data / restraints / 11116/0/407 91242/2698/3086 13053/450/906
parameters
Goodness-of-fit on F? 1.031 1.005 1.045
Final R indexes [I>=20 R1=0.0936, R1=0.0561, wRz = | R1=0.0810, wR2
(N wR; =0.2475 0.1126 =0.1830
Final R indexes [all R1=0.1424, R1=0.0745, wR2= | R1=0.1193, wR2
data] wR; =0.2777 0.1212 =0.2050
Largest diff. peak/hole 1.06/-0.78 0.54/-0.31 1.20/-0.79
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Complex [Rh(L5)2]BF4 [Rh(L19)(COD)]BF4 | [Rh(L5S2)(COD)]BFa4
Local identifier code 23srv153 23srv251 23srv146
Empirical formula C59H7gBC|9_22F4N405 C49H83BC|F4N203P2 C41H503F4N203P2Rh
P4RhSi; RhSi SSi
Formula weight 1756.16 1063.37 962.70
Temperature / K 120.00 120.00 120.00
Crystal system triclinic monoclinic monoclinic
Space group P-1 P2; P21/n
a/A 11.9734(5) 9.8552(4) 18.3138(7)
b/A 19.1548(7) 20.2543(7) 12.3281(5)
c/A 19.2831(7) 13.0267(5) 18.5568(7)
a/° 77.7860(10) 90 90
B/° 74.3220(10) 95.7940(10) 91.374(2)
v/° 76.7720(10) 90 90
Volume / A3 4091.8(3) 2586.98(17) 4188.4(3)
Z 2 2 4
pcalcg /g cm3 1.425 1.365 1.527
pn/ mm? 0.676 0.523 0.672
F(000) 1798.0 1124.0 1984.0
Crystal size / mm?3 0.186 x 0.058 x 0.253 x 0.237 x 0.293 x 0.104 x
0.017 0.087 0.094
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)

20 range for data
collection/°

3.862 to 52.744

3.73 t0 64.994

3.966 to 69.378

Index ranges

-14<h<14,-23<k
<23,-24<1<24

-14<h<14,-30<k
<30,-19<1<19

-29<h<29,-19<
k<19,-29<1<29

Reflections collected 97107 109333 162773
Independent 16717 [Rint = 18699 [Rint = 17959 [Rint =
reflections 0.0986, Rsigma = 0.0359, Rsigma = 0.0627, Rsigma =
0.0752] 0.0257] 0.0369]
Data / restraints /
16717/923/1005 18699/529/629 17959/1657/707
parameters
Goodness-of-fit on F? 1.022 1.055 1.052
Final R indexes [I>=20 ()] | R1=0.0516, wR; = R1=0.0238, wR,= | R1=0.0491, wR;, =
0.1072 0.0566 0.1262
Final R indexes [all data] | R1=0.0928, wR2,= | R1=0.0247, wR;= | R1=0.0683, wR; =
0.1238 0.0570 0.1385
Largest diff. peak/hole 0.68/-0.63 0.55/-0.50 3.00/-0.82
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Complex PdI>(L5) Pdl2(L17) Pdl>(L18)
Local identifier code 22srv197 22s5rv198 22srv199
Empirical formula Cs33H35laN,03P,PdSi C3sHa212N,03P,PdSI C29H60Clgl2N203P2P
dSi
Formula weight 960.88 988.93 1147.72
Temperature / K 120.00 120.00 120.00
Crystal system monoclinic triclinic triclinic
Space group P21/n P-1 P-1
a/A 20.3737(5) 11.1623(3) 10.5793(3)
b/A 8.6965(2) 11.4460(3) 14.5066(4)
c/A 21.9728(5) 15.6070(4) 15.2934(4)
a/° 90 107.9952(10) 112.8081(10)
B/° 112.7589(8) 99.4459(11) 99.5805(10)
v/° 90 100.5930(10) 93.1671(11)
Volume / A3 3590.02(15) 1811.35(8) 2114.77(10)
VA 4 2 2
pcalcg /g cm? 1.778 1.813 1.802
pu/ mm? 2.394 2.376 2.414
F(000) 1880.0 972.0 1140.0
Crystal size / mm?3 0.12x0.11 x0.06 0.11x0.09x0.03 0.12 x 0.1 x0.07
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for data 5.098 to 59.998 3.82to 60 4.666 to 60

collection /°

Index ranges

-28<h<28,-12<k
<12,-30<1<30

-15<h<15,-16 <k
<16,-21<1<21

-14<h<14,-20<
k<20,-21<1<21

Reflections collected 126837 65841 76626
Independent 10451 [Rint = 10535 [Rint = 12291 [Rint =
reflections 0.0440, Rsigma = 0.0373, Rsigma = 0.0401, Rsigma =
0.0203] 0.0254] 0.0276]
Data / restraints / 10451/0/397 10535/60/451 12291/21/439
parameters
Goodness-of-fit on F? 1.059 1.038 1.062
Final R indexes [I>=20 (I)] | R1=0.0218, wR2= | R1=0.0296, wR; = | R1=0.0543, wR; =
0.0444 0.0633 0.1471
Final R indexes [all data] | Ri=0.0255, wR,= | R1=0.0345, wR,= | R1=0.0617, wR; =
0.0456 0.0655 0.1530
Largest diff. peak/hole 0.55/-0.44 2.20/-1.76 1.63/-3.01
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Complex Pdl,(L19) Pdl>(L11) PdI>(L12)
Local identifier code 23srv248 23srv058 23srv067
Empirical formula C36HesCl212N203P2P | C36Ha0Clgl2N207P2P | Cs1HaaClglaN2O7P2P
dsi dsi dsi
Formula weight 1098.05 1275.63 1459.81
Temperature / K 120.00 120.00 120.00(10)
Crystal system monoclinic monoclinic monoclinic
Space group P2; P2:/c P2;
a/A 8.2592(7) 11.6131(3) 15.1388(9)
b/A 26.873(2) 25.5021(7) 10.5416(6)
c/A 19.7769(17) 16.8413(5) 18.3766(11)
a/® 90 90 90
B/° 92.595(3) 110.0540(10) 108.690(7)
v/° 90 90 90
Volume / A3 4385.0(6) 4685.3(2) 2778.0(3)
VA 4 4 2
pcalcg /g cm3 1.663 1.808 1.745
u/ mm 2.089 2.196 1.865
F(000) 2208.0 2496.0 1436.0
Crystal size / mm3 0.183 x 0.155 x 0.32x0.18x0.14 0.202 x 0.046 x
0.061 0.011
Radiation MoKa (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for data 3.734 to 62

collection/°

4.394t072.736

4.22t052.742

Index ranges

-13<h<13,-44<k
<44,-32<1<32

-16<h<16,-36<k
<36,-24<1<24

-18<h<18,-13<
k<13,-22<1<22

Reflections collected 78117 180317 49314
Independent 78117 [Rint = 14914 [Rint = 11300 [Rint =
reflections 0.0974, Rsigma = 0.0396, Rsigma = 0.0955, Rsigma =
0.1015] 0.0183] 0.1014]
Data / restraints / 78117/807/912 14914/40/568 11300/604/649
parameters
Goodness-of-fit on F2 1.053 1.197 1.021
Final R indexes [I>=20 (I)] | R1=0.0607, wR2= | R;=0.0408, wR, = | R1=0.0654, wR; =
0.1058 0.0848 0.1322
Final R indexes [all data] | R1=0.0974, wR>= | R1=0.0462, wR,= | R1=0.0927, wR; =
0.1224 0.0873 0.1481
Largest diff. peak/hole 1.36/-2.24 1.60/-1.26 1.43/-0.93
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Complex CoBr;(L1) L16(BHs) L16(BHs){BHs}
Local identifier code 21srv202 22srv104 22srv125
Empirical formula Ci35H152.5BrsCl25Co | CaaHasBCl:N,OsP,Si C33H41.6B12N203 3P,Si
4N4012PsSis
Formula weight 3346.85 699.44 622.08
Temperature / K 120 120.00 120.00
Crystal system Triclinic orthorhombic triclinic
Space group P-1 P212:2; P-1
a/A 11.6233(4) 9.8896(3) 8.3118(2)
b/A 15.2191(5) 16.6345(6) 9.4271(2)
c/A 21.0112(7) 21.6134(8) 21.5976(5)
a/° 92.7541(14) 90 89.0277(8)
B/° 90.8623(13) 90 81.1506(9)
v/° 104.1430(14) 90 76.5916(8)
Volume / A3 3598.6(2) 3555.6(2) 1626.27(6)
VA 1 4 2
pcalcg /g cm3 1.544 1.307 1.270
pn/ mm? 2.900 0.343 0.208
F(000) 1693.0 1472.0 660.0
Crystal size / mm?3 0.173 x 0.094 x 0.31x0.25x0.21 0.14 x0.12 x 0.05
0.051
Radiation MoKa (A = Mo Ko (A =0.71073) | Mo Ka (A =0.71073)
0.71073)

20 range for data
collection /°

4.15 t0 49.998

3.768 t0 59.992

3.818 to 59.988

Index ranges

-13<h<13,-18<k

-13<h<13,-23<ks<

-11<h<11,-13<k<

<18, 23,-30<1<30 13,-30<1<30
-24<1<24
Reflections collected 62433 85450 39492
Independent 12623 [Rint = 10318 [Rint = 0.0588, | 9483 [Rint = 0.0416,
reflections 0.0384, Rsigma = Rsigma = 0.0332] Rsigma = 0.0400]
0.0329]
Data / restraints / 12623 / 70/ 846 10318/0/406 9483/42/457
parameters
Goodness-of-fit on F? 1.018 1.060 1.032
Final R indexes [I>=20 (I)] | R1=0.0458, wR> = R1=0.0495, wR; = Ry =0.0423, wR; =
0.1053 0.1362 0.0957
Final R indexes [all data] | R1=0.0639, wR; = R1=0.0538, wR; = R; =0.0583, wR; =
0.1162 0.1400 0.1042
Largest diff. peak/hole 1.02 /-0.68 1.06/-1.08 0.45/-0.32
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Complex BISBI(Se), PdCl,(L5)
Local identifier code mo_23srv310_twin 22srv089
1_hkif4
Empirical formula CasHaaCloPsSe, C33H38C|z|\i1203Pde5
Formula weight 793.42 777.98
Temperature / K 120.00(10) 120.00
Crystal system triclinic monoclinic
Space group P-1 P2:/c
a/A 14.4043(7) 23.6306(6)
b/A 14.7150(4) 17.2635(4)
c/A 16.5338(6) 17.5394(4)
a/° 89.013(2) 90
B/° 87.899(4) 111.7710(10)
v/° 87.111(3) 90
Volume / A3 3497.3(2) 6644.8(3)
YA 4 8
pcalcg /g cm3 1.507 1.555
pn/ mm? 2.387 0.889
F(000) 1600.0 3184.0
Crystal size / mm?3 0.152 x 0.134 x 0.08 x 0.07 x 0.04
0.027
Radiation Mo Ka (A = Mo Ka (A =
0.71073) 0.71073)
20 range for data 4.326 to 60

collection/°

3.68 to 54.998

Index ranges

-18<h<18,-19<k
<19,-21<1<21

-33<h<33,-24<k
<24,-24<1<24

Reflections collected 61228 163919
Independent 61228 [Rint = 19378 [Rint =
reflections 0.1727, Rsigma = 0.1029, Rsigma =
0.2708] 0.0613]
Data / restraints / 61228/1342/868 19378/23/806
parameters
Goodness-of-fit on F? 0.671 1.028
Final R indexes [I>=20 (I)] | R1=0.0402, wR2= | R1=0.0528, wR; =
0.0591 0.0917
Final R indexes [all data] | R1=0.1126, wR2= | R1=0.0688, wR; =
0.0640 0.0979
Largest diff. peak/hole 0.90/-0.69 1.02/-1.01
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Appendix C: GC calibration curves for 1-octene and nonanal in
the hydroformylation of 1-octene

This appendix consists of the GC calibration curves used to identify the number of moles of 1-
octene (Figure C1) and nonanal (Figure C2) produced during the hydroformylation of 1-octene.
nonane is used as an internal standard. The areas of the peaks in the GC-FID spectrum were used
to calculate the datapoints. Figures C1 and C2 were fitted with a linear trendline with the
intercept set to zero. 1-Octene and nonanal isomers were assumed to have the same response

factors.

y =0.9182x
R?=0.9994

1-octene/nonane (area)
w

1-octene/nonane (mmol)

Figure C1. 1-octene vs nonane calibration curve.
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Figure C2. nonanal vs nonane calibration curve.
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